The Communications Efficiency of Electrically Short Aerials. by Sweeting, M. N.
THE COMMUNICATIONS EFFICIENCY OF 
ELECTRICALLY SHORT AERIALS
by
M. N. SWEETING 
1979
A T h e s i s  s u b m i t t e d  f o r  t h e  D e g r e e  o f  D o c t o r  o f  P h i l o s o p h y  
i n  t h e  D e p a r t m e n t  o f  E l e c t r o n i c  a n d  E l e c t r i c a l  [ E n g i n e e r i n g  
a t  t h e  U n i v e r s i t y  o f  S u r r e y .
S u p e r v i s o r :  Q. V. DAVIS
ProQuest Number: 11012657
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 11012657
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
ABSTRACT
An e n g in e e r in g  s tu d y  has  been  made of th e  f a c t o r s  i n f l u e n c in g  th e  
o v e r a l l  r a d i a t i o n  e f f i c i e n c y  o f  e l e c t r i c a l l y  s h o r t  h . f .  groundwave a e r i a l  
sy s tem s ,  w i th  p a r t i c u l a r  r e f e r e n c e  to  p h y s i c a l ly  r e s t r i c t e d  t a c t i c a l  
p o r t a b l e  and m obile  en v iro n m en ts .
A d i s c u s s io n  o f  th e  b a s i c  t h e o r e t i c a l  l i m i t a t i o n s  on th e  r a d i a t i o n  
e f f i c i e n c y  o f such a e r i a l  system s h as  em phasised s e v e r a l  f a c t o r s  n o t  
p r e v io u s l y  s u f f i c i e n t l y  r e c o g n is e d  as im p o r ta n t  i n  r e a l i s i n g  an optimum 
a e r i a l  system  w i th in  g iv e n  p r a c t i c a l  c o n s t r a i n t s .
A _ .de ta iled ,  p r a c t i c a l  i n v e s t i g a t i o n  has been  c a r r i e d  o u t  u s in g  f u l l -  
s c a l e  a e r i a l  system s o v er  r e a l  ground and s t r a i g h t f o r w a r d  te c h n iq u e s  
developed  f o r  a s s e s s i n g  r e l a t i v e  p e rfo rm a n ce .  This  f i e l d  s tu d y  has  i d e n t i f i e d  
s e v e r a l  mechanisms p e c u l i a r  to  sm a ll  a e r i a l  sy s tem s ,  th e  most d ra m a t ic  
b e in g  t h a t  a s s o c i a t e d  w i th  r a d i a l  w ire  re so n a n c e .  I t  has  been  c l e a r l y  
shown t h a t  r a d i a l  w ire  re so n an ce  can in f lu e n c e  th e  systems. e f f i c i e n c y  
v e ry  s i g n i f i c a n t l y ,  b u t ,  t h a t  i f  p r o p e r ly  a p p r e c ia te d  and em ployed, can 
be used  to  adv an tag e .
A f u r t h e r  t h e o r e t i c a l  a n a l y s i s  o f  th e  e f f e c t  on v . s . w . r .  and r a d i a t e d  
power l e v e l  due to  a e r i a l  sway, p a r t i c u l a r l y  r e l e v a n t  to  a m ob ile  env ironm en t,  
has d em o n s tra ted  t h a t  a dynamic improvement o f  up to  6.5dB to  be  t h e o r e t i c a l l y  
p o s s i b l e .  W h i ls t  a r ig o r o u s  t h e o r e t i c a l  a n a l y s i s  o f  th e  e f f e c t  o f  th e  
p ro x im ity  o f  a lo s s y  ground has p roved  to  be a fo rm id ib le  t a s k ,  a s im p le  
e x p e r im e n ta l  te c h n iq u e  has been  d e s c r ib e d ,  employing th e  r a d i a l  w ire  
re so n an ce  phenomena, f o r  the  d i r e c t  d e te rm in a t io n  6 f  th e  e f f e c t i v e  b u lk  
d i e l e c t r i c  c o n s ta n t  o f  th e  g ro u n d .T h is  te c h n iq u e  may a l s o  be expanded to  
d e te rm in e  th e  e f f e c t i v e  ground c o n d u c t iv i t y .
An e n g in e e r in g  p ro c e d u re  f o r  th e  d e s ig n  o f  an optimum e f f i c i e n c y  
a e r i a l  sy s tem , w i th i n  g iv e n  c o n s t r a i n t s ,  i n c lu d in g  th e  a e r i a l  tu n in g  u n i t  
has  been  d i s c u s s e d  and ’ g u i d e l i n e s '  f o r  f i e l d  o p e r a to r s  e s t a b l i s h e d .
To my M other and F a th e r  who en ab led  me 
to  s tu d y  f o r  th e  Degree o f  D octor o f  P h i lo s o p h y ,  
and to  my w i f e ,  C h r i s t i n e ,  f o r  h e r  p a t i e n t  s u p p o r t  
d u r in g  my s t u d i e s .
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CHAPTER ONE
1. INTRODUCTION
This t h e s i s  i s  concerned  w i th  an e x p e r im e n ta l  i n v e s t i g a t i o n  i n t o  
th e  communication e f f i c i e n c i e s  o f  e l e c t r i c a l l y  s h o r t  a e r i a l s  i n  th e  
f re q u e n c y  ran g e  1*5 to  20 MHz. F o llow ing  a d e t a i l e d  h i s t o r i c a l  s u rv e y ,  
th e  t h e o r e t i c a l  background i s  d i s c u s s e d  and used to  h i g h l i g h t  c e r t a i n  
a r e a s  of p o t e n t i a l  i n t e r e s t .  The main work o f  th e  t h e s i s  i s  p r e s e n te d  
i n  c h a p te r  3 which d e s c r ib e s  an e x t e n s iv e  s e r i e s  o f  e x p e r im e n ts ,  each  
d e r iv e d  from an a n a l y s i s  and i n t e r p r e t a t i o n  o f  i t s  p r e d e c e s s o r s .  These 
ev o lv in g  ex p e r im en ts  w ere d i r e c t e d  towards g a in in g  a  g r e a t e r  u n d e r s ta n d in g  
o f  th e  fundam enta l mechanisms o f  o p e r a t io n  i n  o rd e r  t h a t ,  u l t i m a t e l y ,  
a s i g n i f i c a n t  improvement may be made i n  th e  o v e r a l l  com munications 
e f f i c i e n c i e s  o f  s m a l l  a e r i a l  sy s tem s .
E nv ironm en ta l l i m i t a t i o n s  on a e r i a l  d im ensions  have n e c e s s i t a t e d  
th e  u se  o f  e l e c t r i c a l l y  s h o r t  a e r i a l s  i n  many f i e l d s  o f  r a d io  com m unication. 
S h o r t  a e r i a l s  a r e  i n  w id esp read  u se  i n  v e h i c u l a r  and p o r t a b l e  r a d i o  
i n s t a l l a t i o n s  and a r e  e s p e c i a l l y  r e l e v a n t  i n  a t a c t i c a l  m i l i t a r y  
env ironm ent.  The communications e f f i c i e n c i e s  o b ta in e d  when u s in g  
th e s e  a e r i a l  system s a r e  g e n e r a l l y  ex trem ely  p o o r ,  p a r t i c u l a r l y  a t  low 
f r e q u e n c ie s .  At th e  o u t s e t  o f  t h i s  i n v e s t i g a t i o n ,  i t  was d is c o v e re d  
t h a t  c o n s id e r a b le  " f o l k l o r e "  was a s s o c i a t e d  w i th  th e s e  a e r i a l  system s 
b u t  t h a t  s u p p o r t in g  q u a n t i t a t i v e  d a t a  was s p a r s e .  S u b s t a n t i a l  t h e o r e t i c a l  
a n a ly se s  coup led  w i th  s c a l e  model experim en ts  have b een  u n d e r ta k e n ,  
f u r n i s h in g  some i n s i g h t ;  how ever, measurements a t  f i e l d  l e v e l  have b e e n ,  
i n  g e n e r a l ,  somewhat c a s u a l .  I t  became e v id e n t  t h a t ,  i n  o rd e r  to  
u n d e r s ta n d  th o ro u g h ly  th e  u n d e r ly in g  mechanisms in v o lv e d ,  a  d e t a i l e d  
p r a c t i c a l  s tu d y  on f u l l  s i z e  a e r i a l s ,  over  r e a l  ground and under  f i e l d  
c o n d i t io n s ,  was n e c e s s a r y .
Sponsored by th e  M.E.L. Company, th e  te rm s o f  r e f e r e n c e  o f  th e  
p r o j e c t  were to  examine th e  s u b j e c t  a f r e s h  and to  i n v e s t i g a t e  any new 
approaches  to  th e  p rob lem  which m igh t appea r  p ro m is in g .  Emphasis was 
p la c e d  on th e  im p o rtan ce  o f  p r a c t i c a l  d a ta  g a in ed  by m easurem ents on 
r e a l  system s and th e  r e s u l t s  th e n  used to  develop  a  w ork ing  f i e l d  m odel.
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Fo llow ing  an e x t e n s iv e  l i t e r a t u r e  s u rv e y ,  i t  was d e c id e d  to  
commence th e  s tu d y  by exam ining a f r e s h  th e  s im p le s t  p o s s i b l e  a e r i a l  
system s i n  o rd e r  t h a t  th e  fundam en ta l mechanisms o f  o p e r a t io n  cou ld  
be c l e a r l y  a p p r e c i a t e d .  Once p r a c t i c a l  work was under way, i t  
im m edia te ly  became a p p a re n t  t h a t  t h e r e  was a g r e a t  d e a l  y e t  t o  be 
f u l l y  u n d e rs to o d  co nce rn ing  th e  o p e r a t io n  o f  r e l a t i v e l y  s im p le  a e r i a l  
c o n f i g u r a t i o n s ,  l e t  a lo n e  th e  more complex d e r i v a t i v e s .  T h is  le d  to  
a d e t a i l e d  ex am in a t io n  o f  th e  e f f e c t  o f  ground p la n e s  on th e  pe rfo rm ance  
o f  s h o r t  whip a e r i a l s ,  and th e  p r a c t i c a l  m o d i f ic a t io n s  t h e r e t o  which 
m ight a f f o r d  some improvement i n  p e rfo rm an ce .
The b a s i c  r e s e a r c h  i n t o  t h i s ,  t o g e th e r  w i th  su b se q u en t  d ev e lo p m en ts ,  
has  r e s u l t e d  i n  a g r e a t e r  u n d e r s ta n d in g  of th e  mode o f  o p e r a t i o n  o f  
e l e c t r i c a l l y  s h o r t  a e r i a l s .  D e s p i te  th e  enormous l i t e r a t u r e  e x i s t i n g  
on such  a e r i a l s ,  t h i s  r e s e a r c h  has  i l l u m i n a t e d  s e v e r a l  a r e a s  i n  which 
i t  i s  p o s s i b l e  to  ac h ie v e  v e ry  c o n s id e ra b le  improvements i n  o v e r a l l  
system  perfo rm ance  under  f i e l d  c o n d i t io n s .  S u p p o r t in g  t h i s  w ork , 
t h e o r e t i c a l  a n a l y s i s  founded on p r a c t i c a l  o b s e r v a t io n  h as  e n a b le d  
a b a s i c  s e t  o f  r u l e s  to  be  c o n s t r u c t e d  which w i l l  p ro v id e  th e  f i e l d  
r a d i o  o p e r a t o r  and th e  system  d e s ig n e r  a l i k e  w i th  p r a c t i c a l  g u id e l in e s  
toward a c h ie v in g  the  b e s t  p o s s i b l e  perfo rm ance  from an H .F. groundwave 
l i n k  i n  a m ob ile  o r  p o r t a b l e  env ironm en t.
1 .1 .1  H i s t o r i c a l  Survey.
I t  i s  e v id e n t  from M arcon i’ s f i r s t  ex p er im en ts  I  1 (1899)J w i th  
medium d i s t a n c e  w i r e l e s s  t e l e g r a p h y  t h a t  th e  perfo rm ance  o f  e l e c t r i c a l l y  
s h o r t  a e r i a l s  was to  b e  o f  p rim e im portance  i n  r a d io  com m unica tions .
The f r e q u e n c ie s  used  f o r  th e s e  e a r l y  experim en ts  w ere v e ry  low and , 
w i th  th e  t a l l e s t  p r a c t i c a b l e  m asts  o f  th e  o rd e r  of 200 f t . ,  th e  v e r t i c a l  
a e r i a l s  used  w ere o f  n e c e s s i t y  a  sm a l l  f r a c t i o n  of th e  o p e r a t in g  
w av e le n g th .  The m a jo r i t y  o f  th e  i n i t i a l  t e s t s  were c a r r i e d  o u t  over  
se a  p a th s  and th e  a t t e n d a n t  g round r e t u r n  lo s s  was c o r r e s p o n d in g ly  
s m a l l .  M arconi observed  t h a t  th e  e f f e c t i v e  communication d i s t a n c e  was 
v e ry  n e a r l y  p r o p o r t i o n a l  to  th e  sq u a re  r o o t  o f  th e  h e i g h t  o f  th e  
t r a n s m i t t i n g  a e r i a l .
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M arconi a l s o  n o te d  th e  d e s i r a b i l i t y  o f  a c a p a c i ty  to p -c a p  on 
th e  v e r t i c a l  s e c t i o n ;  how ever, he  d id  n o t  employ one on h i s  t a l l  
a e r i a l s  a t  t h a t  t im e .  P ro p a g a t io n  in  th e s e  e a r l y  ex p e r im en ts  was 
by groundwave, and i t  was q u ic k ly  re c o g n is e d  t h a t  v e r t i c a l  r a d i a t i o n  
p o l a r i s a t i o n  e x h i b i t e d  a low r a d i a l  a t t e n u a t i o n  when compared- to  
h o r i z o n t a l  p o l a r i s a t i o n ,  and was t h e r e f o r e  g r e a t l y  to  be  p r e f e r r e d .
C o n s id e ra b le  th o u g h t  was g iv e n  i n  th o se  e a r l y  days to  methods 
whereby th e  p h y s i c a l  o r  e l e c t r i c a l  h e i g h t  o f  th e  v e r t i c a l  s e c t i o n  
cou ld  be  i n c r e a s e d .  The fo rm er in c lu d e d  b a l lo o n s  [ 2 (1900)3 ,
f  3 (1899)3 and k i t e s  [ 4 (1899)3 w h i l s t  SQUIER [ 5  (1905)3 
re c o rd e d  th e  e a r l i e s t  a t te m p ts  a t  u t i l i s i n g  t r e e s  as v e r t i c a l  
r a d i a t o r s ,  and FESSENDEN [ 6  (1906)3 r e p o r t e d  some m easure o f  s u c c e ss
employing a v e r t i c a l  w a te r  j e t  as  a t r a n s m i t t i n g  a e r i a l .  In  th e  
l a t t e r  c a t e g o r y ,  LEIMER [ 7 (1916)3 o bse rved  t h a t  th e  p ro x im i ty  o f  a 
sm a l l  amount o f  rad ium  brom ide (0*01 gm) to  th e  end o f  th e  a e r i a l  w ire  
r e s u l t e d  i n  an a p p a re n t  i n c r e a s e  i n  e l e c t r i c a l  l e n g th .  I t  sh o u ld  be 
n o te d  t h a t  L e im erTs ex p er im en ts  w ere somewhat q u a l i t a t i v e  and d id  n o t  
i n v e s t i g a t e  th e  e f f e c t  o f  th e  r a d i a t i o n  on th e  s e n s i t i v i t y  o f  th e  
r e c e iv in g  a p p a r a tu s .  No f u r t h e r  p ap e rs  on t h i s  phenomenon have been  
lo c a te d .
In  a c l a s s i c  p a p e r ,  SOMMERFELD [ 8 (1909)3 s o lv e d  th e  g e n e r a l  
p rob lem  o f  th e  e f f e c t  o f  th e  c o n d u c t iv i t y  o f  th e  ground on th e  r a d i a t i o n  
from a s h o r t  c a p a c i t i v e  a e r i a l .  He p o s t u l a t e d  th e  e x i s t e n c e  o f  
" sp a c e  waves" and " s u r f a c e  waves" and dem o n stra ted  th e  l a t t e r  i n  a 
v e ry  tho rough  m a th e m a tic a l  a n a l y s i s .  This  work em phasised  th e  e f f e c t  
o f  t h e  c o n d u c t iv i t y  o f  th e  e a r t h  on r a d io  wave p r o p a g a t io n  and th e  
im p o r tan ce  o f  a low lo s s  e a r t h  sy stem  was soon r e c o g n is e d  i n  p r a c t i c e  
when land  s t a t i o n s  w ere e s t a b l i s h e d .
MEISSNER [ 9 (1922)3 f u r n i s h e d  a rev iew  o f  con tem porary  te c h n iq u e s .  
Fo llo w in g  c o n s id e r a b le  improvements i n  r . f .  o s c i l l a t o r  e f f i c i e n c i e s ,  
a t t e n t i o n  was fo c u s s e d  on th e  e f f e c t i v e n e s s  o f  th e  a e r i a l  sy s tem , 
and i t  became a p p a re n t  t h a t  th e  l i m i t i n g  f a c t o r  was th e  l a r g e  ground 
l o s s .  In  an a t te m p t  to  red u ce  th e s e  ground lo s s  r e s i s t a n c e s  to  below  
ab o u t 5 £2 some enormous ground system s w ere l a i d  down. At KARLSB0RG (1918)
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400 km o f  1 mm copper w ire  was l a i d  o u t  which succeeded  i n  r e d u c in g  
th e  ground lo s s  r e s i s t a n c e  to  below 0*1 ft a t  a w av e len g th  o f  5400 m 
(55 KHz). The enormous expense t h i s  te c h n iq u e  in c u r r e d  f o r c e d  more 
modest system s to  b e  d ev e lo p ed ,  and s m a l le r  e a r t h  s c r e e n s ,  grounded 
a t  many p o i n t s ,  w ere used  w i th  some s u c c e s s .
VAN DER POL [1 0  (1917)] i n  a n o th e r  c l a s s i c  p a p e r  c o n s id e re d  th e  
g e n e r a l  case  o f  an a e r i a l  a long  which t h e r e  e x i s t e d  a  s in u s o i d a l  
c u r r e n t  s ta n d in g  wave, commencing and f i n i s h i n g  a t  any d e s i r e d  
v a l u e s ,  and , u s in g  th e  g e n e r a l  p r i n c i p l e  o f  wave m otion  fo rm u la te d  
by H e r tz ,  evo lved  a b a s i c  fo rm u la  f o r  r a d i a t i o n  r e s i s t a n c e .  The 
v e r t i c a l  a e r i a l  and i t s  image a re  t r e a t e d  as  b e in g  a t  th e  c e n t r e  o f  
a h em isp h e re ,  th e  t o t a l  energy  r a d i a t e d  b e in g  i n t e g r a t e d  over th e  
whole a r e a  by th e  P o y n t in g -v e c to r  method. BALLENTINE [1 1  (1925)] 
a l s o  computed th e  r a d i a t i o n  r e s i s t a n c e  o f  v a r io u s  le n g th  a e r i a l s ;  
how ever, t h e r e  does ap p ea r  to  be  a  d is c re p a n c y  i n  h i s  p r e d i c t i o n  o f  
th e  v e r t i c a l  r a d i a t i o n  p a t t e r n .
With a growing em phasis on low lo s s  ground sy s te m s ,  i t  became 
e s s e n t i a l  to  b e  a b le  to  q u a n t i f y  th e  r . f .  e a r t h  c o n s ta n t s  a t  any 
g iv en  s i t e .  Those e a r t h  c o n s ta n t s  have such a fundam en ta l  and 
p ro found  in f l u e n c e  on th e  perfo rm ance  o f  s h o r t  a e r i a l  system s t h a t  
te c h n iq u e s  deve loped  to  a s c e r t a i n  th e s e  c o n s ta n t s  w i l l  be  d e s c r ib e d  
i n  t h i s  rev ie w  a lo n g s id e  to p i c s  more d i r e c t l y  r e l a t e d  to  th e  a e r i a l  
s t r u c t u r e .
In fo rm a t io n  on th e  c o n d u c t iv i t y  o f  v a r io u s  s o i l s  was a v a i l a b l e  
i n  t a b u l a r  form  from th e  works o f  L0WY [12  (1 9 1 1 )] ,  BRYLINSKI [1 3  (1 9 0 6 ) ] ,  
SCHMIDT [ 1 4  (1911)] and ULLER [1 5  (1911)] ;  how ever, m ost o f  th e s e  
measurements had  been  ta k e n  i n  th e  l a b o r a to r y  on a r t i f i c i a l l y  t r e a t e d  
specim ens o f  s o i l  and i n  v e ry  few cases  o n ly  were th e y  c a r r i e d  o u t  
a t  r a d i o  f r e q u e n c i e s .
SMITH-ROSE and BARFIELD [1 6  (1 9 2 4 )] ,  on th e  o th e r  hand ,  
d eve loped  a  method o f  m easuring  th e  " fo rw ard  t i l t "  o f  v e r t i c a l l y  
p o l a r i s e d  r a d i o  waves r e c e iv e d  from  l o c a l  commercial t r a n s m i t t e r s ,  
th u s  e s t a b l i s h i n g  th e  e f f e c t i v e  r . f .  e a r t h  c o n s ta n t s  a t  th e  f r e q u e n c i e s
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of i n t e r e s t .  SMITH-ROSE [17  (1933)] th e n  dem o n stra ted  th e  g e n e r a l  
agreem ent o f  th e  r e s u l t s  f o r  e a r t h  c o n s ta n t s  d e r iv e d  from  measurements 
on sm a l l  s o i l  sam ples a t  r . f .  w i th  th o se  from measurements b a se d  on 
th e  b u lk  "wave t i l t "  method. The sm a l l  s o i l  sample m easurem ents were 
made u s in g  a p p a ra tu s  developed  by COLEBROOKE and WILMOTTE [1 8  (1931)] 
f o r  m easu ring  r e s i s t a n c e  and r e a c ta n c e  a t  r . f .  by means o f  th e  change 
i n  r e a c ta n c e  o f  a v a lv e  o s c i l l a t o r  c i r c u i t  when coup led  to  a second 
c i r c u i t  c o n ta in in g  t h e  s o i l  sam ple .
RATCLIFFE and WHITE [19  (1930)] dem onstra ted  th e  dependence 
o f  th e  c o n d u c t iv i t y  and p e r m i t t i v i t y  of s o i l  on f re q u e n c y  and w a te r  
c o n t e n t ,  w h i l s t  m easurem en ts ,  a t  v a r io u s  s o i l  d e p th s ,  of c o n d u c t iv i t y  
and of  th e  f i e l d  i n t e n s i t y  o f  s i g n a l s  from l o c a l ,  g ro u n d -b ased  
t r a n s m i t t e r s  i n d i c a t e d  th e  v a r i a b i l i t y  o f  r e s u l t s  o v e r  s m a l l  a r e a s  due 
to  s t r a t i f i c a t i o n  i n  th e  s u b - s o i l .  I t  ap p ea red ,  how ever, t h a t  sm a l l  
s o i l  samples cou ld  b e  used to  o b t a in  a g e n e ra l  i n d i c a t i o n  of  th e  n a t u r e  
of a  p roposed  s i t e .
BARFIELD [ 2 0  (1933)] c o n t in u e d  w i th  d e t a i l e d  wave t i l t  m easurem ents 
a t  h ig h e r  f r e q u e n c ie s  and o b ta in e d  v a lu e s  f o r  cr and be tw een  1 and 
40 MHz, and a l s o  concluded  from h i s  r e s u l t s  t h a t  t h e r e  was no pronounced  
s e a s o n a l  v a r i a t i o n  in  th e  e f f e c t i v e  ground c o n s t a n t s ,  b u t  r a t h e r  t h a t  
th e r e  was a c o n s id e r a b le  m o d i f i c a t i o n  of  th e s e  c o n s ta n t s  i n  th e  s h o r t  
te rm  whenever th e  w e a th e r  changed from dry  to  w et o r  v i c e - v e r s a ,  e 
was found to  v a ry  betw een 10 and 100 dependent on s i t e .
Examining th e  ph ase  and m agnitude o f  e a r t h  c u r r e n t s  o v e r  a 
h ig h ly  co n d u c tin g  e a r t h  b o th  t h e o r e t i c a l l y  and e x p e r im e n ta l ly ,  BROWN 
[2 1  (1935)] p r e s e n te d  th e  v e r t i c a l  e l e c t r i c  f i e l d  i n t e n s i t y  a t  th e  
s u r f a c e  o f  th e  e a r t h  as a f u n c t i o n  of th e  d i s t a n c e  from th e  b a s e  o f  a 
v e r t i c a l  monopole. He a l s o  d em o n s tra ted  th e  r e l a t i v e  in d ep en d en ce  o f  
pe rfo rm ance  o f  a q u a r te r -w a v e le n g th ,  v e r t i c a l  monopole to  ground 
c o n s t a n t s ,  due to  i t s  low r e t u r n  c u r r e n t  d e n s i t y  c lo s e  to  th e  b a s e .
The im p o rtan ce  o f  low lo s s  ground system s to  th e  r e l a t i v e  e f f i c a c y  o f  
a e r i a l s  s h o r t e r  t h a n 'X / 4 was em phasised by BROWN [2 2  (1937)] who 
d em o n s tra ted  t h a t  an a e r i a l  o f  i n f i n i t e s i m a l  l e n g th ,  s u b j e c t  to  no 
l o s s e s ,  would y i e l d  a groundwave f i e l d  i n t e n s i t y  o n ly  4*25% l e s s  th a n
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t h a t  from  a  A/4 a e r i a l .  I t  sh o u ld  be n o te d ,  how ever, t h a t  th e  lo s s  
mechanisms u n a v o id a b ly  a s s o c i a t e d  w i th  s h o r t  a e r i a l  system s r e n d e r  
t h i s  f i g u r e  u n o b ta in a b le  i n  p r a c t i c e .  NORTON [23 (1 9 3 6 )]  p r e s e n te d  
some s im p le  fo rm u lae  and g raphs  w hich , f o r  v a r io u s  g round c o n d u c t i v i t i e s ,  
r e p r e s e n te d  th e  groundwave f i e l d  i n t e n s i t y  a t  th e  s u r f a c e  o f  "the e a r t h  
as r a d i a t e d  from  a  s h o r t  v e r t i c a l  a e r i a l  a l s o  a t  th e  s u r f a c e .
An e x c e l l e n t  d i s c u s s io n  on v e r t i c a l  a e r i a l  system s was p r e s e n te d  
by WELLS [24  (1942)]  i n  which r a d i a t i o n  r e s i s t a n c e  (d e r iv e d  from 
VAN DER POL’ s a n a l y s i s ) , v e r t i c a l  r a d i a t i o n  p a t t e r n s ,  f e e d  c u r r e n t s  
and t e rm in a l  impedances a r e  a l l  c o n s id e re d .  SMITH and JOHNSON [25 (1947).] 
p ro v id e d  a  u s e f u l  summary o f  a  c o n s id e r a b le  amount o f  p r a c t i c a l  d a t a  
on th e  perfo rm ance  o f  s h o r t ,  to p - lo a d e d  monopoles i n  th e  0*1 t o  0*25 MHz 
r e g io n .  The im p o r tan ce  o f  low lo s s  ground system s was s t r e s s e d  and 
th e  a u th o rs  i n v e s t i g a t e d  th e  e f f e c t s  o f  to p - lo a d in g  by c a p a c i t i v e  
to p -c a p  and c o i l .  They observed  t h a t  th e  l i m i t i n g  f a c t o r  i n  th e  o v e r a l l  
improvement i n  perfo rm ance  was dependen t on th e  r a t i o  o f  th e  i n c r e a s e d  
r a d i a t i o n  r e s i s t a n c e  due to  to p - lo a d in g  and th e  r e f l e c t e d  power lo s s  
due to  th e  f i n i t e  Q o f  th e  lo a d in g  c o i l .
WHEELER [26 (1947)] i n  a w e l l  known p a p e r  in t ro d u c e d  t h e  co n ce p t  
o f  t h e  ’’r a d i a t i o n  power f a c t o r "  and i t s  u s e f u ln e s s  i n  r e l a t i n g  p r a c t i c a l  
a e r i a l  e f f i c i e n c i e s  to  th o s e  o b ta in e d  i n  an i d e a l  c a s e .  S h o r t  a e r i a l s  
were d i s c u s s e d  i n  term s o f  th e  r a d i a n  le n g th  (A/2tt) and th e  r a d i a n s p h e r e  
( th e  space  o ccu p ied  by th e  s to r e d  m a g n e tic  o r  e l e c t r i c  f i e l d  o f  th e  
a e r i a l ) .
The m o d i f i c a t io n  o f  th e  r a d i a t i o n  r e s i s t a n c e  o f  a  A/4 v e r t i c a l  
monopole due to  a  p e r f e c t l y  c o n d u c t in g ,  i n f i n i t e  ground b e in g  r e p l a c e d  
by a sm a l l  number o f  s h o r t  r a d ia l s - w a s  d e r iv e d  by BOUKAMP [27  (1 9 4 7 ) ] ,  
who c a l c u l a t e d  t h a t  th e  r a d i a t i o n  r e s i s t a n c e  dropped from 36 to  a b o u t  
20 [2 f o r  a 2 o r  4 w i r e  r a d i a l  sy s tem . A s e r i e s  of microwave models 
w ere e v a lu a te d  e x p e r im e n ta l ly  and t h e o r e t i c a l l y  f o r  a  v e r t i c a l  monopole 
over good co n d u c t in g  d i s c  g roundp lanes  o f  v a r io u s  d im ensions  b u t  a l l  
s m a l l  compared to  A. 1 2 8 ,2 9 ,3 0 ,3 1 ] .  I t  was observed  t h a t  b o th  
r a d i a t i o n  r e s i s t a n c e  o f  th e  monopole and th e  g roundp lane  impedance 
v a r i e d  w i th  r a d iu s  o f  g roundp lane  (0*1 to  0*5 A). WAIT and POPE 132 (1954)J
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c a l c u l a t e d  th e  v a r i a t i o n  i n  i n p u t  impedance f o r  a A /4 monopole o ver  a 
r a d i a l  w ire  ground system  a t  H.F. , fo l lo w ed  by a  p a p e r  [33 (1 9 5 5 )]  
i n  w hich s h o r t e r  a e r i a l s  and th o s e  w i th  to p - lo a d in g  a r e  a n a ly se d  over  
ground system s com p ris in g  v a r io u s  numbers and le n g th s  o f  r a d i a l s  over  
d i f f e r e n t  ground c o n d u c t i v i t y ,  a l s o  WAIT and SURTEES [34  (1 9 5 4 ) ] .
I n  an im p o r ta n t  and c r i t i c a l  p a p e r ,  MONTEATH [35 (1 9 5 8 )]  
de te rm in ed  th e  e f f e c t  of f i n i t e  e a r t h  c o n d u c t iv i t y ,  and o f  th e  ground 
sys tem , on th e  perfo rm ance  of a v e r t i c a l  a e r i a l .  The c h a r a c t e r i s t i c s  
a f f e c t e d  w ere th e  i n p u t  im pedance, th e  groundwave f i e l d  i n t e n s i t y  f o r  
a  g iv e n  a e r i a l  c u r r e n t ,  and th e  v e r t i c a l  r a d i a t i o n  p a t t e r n .  W h i ls t  
a g re e in g  w i th  WAIT, he p o in t e d  o u t  some e r r o r s  i n  a number o f  e a r l i e r  
w orks .
A s im p le  b u t  e f f e c t i v e  method o f  m easu ring  wave t i l t  em ploying 
two s lo p in g  w ir e s  was d e s c r ib e d  by GILL [36 (1948)J and l a t e r  a 
com prehensive su rv ey  o f  e a r t h  c o n s ta n t s  i n  Norway was p ro v id e d  by 
ELIASSON 137 (1958)1 u s in g  more e l a b o r a t e  a p p a ra tu s .  D e t a i l s  o f  th e  
c o n s t r u c t io n  o f  th e  equipment and measurement te c h n iq u e  w ere g iv e n  
in  a d d i t i o n  to  comments on th e  a c c u racy  and i n t e r p r e t a t i o n  o f  th e  
r e s u l t s  i n  th e  f req u en cy  range  0*2 to  10 MHz. An a l t e r n a t i v e  method 
was p roposed  by KIRKSCETHER £38  (1960)J i n  w hich th e  e l e c t r i c a l  
c h a r a c t e r i s t i c s  o f  th e  e a r t h  cou ld  be  deduced from impedance m easurem ents 
made a t  th e  end o f  an o p e n - c i r c u i t e d  s e c t i o n  o f  u n s h ie ld e d  t r a n s m is s io n  
l i n e  i n s e r t e d  to  a  g iv e n  dep th  i n  th e  ground. The s u i t a b i l i t y  o f  t h i s  
method w a s . d em o n s tra ted  betw een 0*6 and 400 MHz.
HARRISON and KING [39  (1962)J a n a ly se d  th e  c a se  o f  a  A/4 
v e r t i c a l  a e r i a l  above a s h o r t  s t a k e  i n  th e  ground by r e g a r d i n g  i t  as 
an a sy m m etr ic a l  d ip o le  p a r t l y  immersed i n  a lo s s y  medium. A t a b l e  o f  
d r iv i n g  p o i n t  impedances a g a i n s t  numbers of r a d i a l s  ( s t a k e  = 1) was 
p ro v id e d  f o r  a  g iv e n  s e t  o f  ground c o n s ta n t s  and a f i x e d  f r e q u e n c y .
The r a t i o  betw een E - f i e l d  and H - f i e l d  lo s s e s  was d em o n s tra te d  
by LARSEN [ 4 0  (1962)J f o r  v a r io u s  c o n f ig u r a t io n s  o f  v e r t i c a l  a e r i a l s ,  
and he  showed t h a t  th e  E - f i e l d  l o s s e s ,  as  d e s c r ib e d  by WAIT [4 1  (1 9 6 2 ) ] ,  
were p red o m in an t when c o n s id e r in g  th e  s h o r t  v e r t i c a l  monopole.
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WAIT [42 0 9 5 8 ) 3  d i s c u s s e d  th e  assum ptions  f o r  t r e a t i n g  th e  
e f f e c t i v e  s u r f a c e  impedance o f  a ground system  as th e  p a r a l l e l  
com bination  o f  th e  s u r f a c e  impedance o f  th e  g r id  i n  f r e e  space  and th e  
i n t r i n s i c  s u r f a c e  impedance o f  th e  ground. His d e l i b e r a t i o n s  i n d i c a t e d  
t h a t  th e  a ssum ptions  w ere v a l i d ,  p ro v id in g  th e  g r id  was on o r  i n  th e  
ground . Microwave m o d e ll in g  o f  a A/4 monopole above v a r io u s  g rou n d p lan es  
on w a te r  as an im p e r f e c t  e a r t h  model by MALEY and KING [43  (1962)3 
y i e ld e d  measurements which w ere i n  good agreem ent w i th  WAIT's fo rm u lae  
f o r  e f f e c t i v e  s u r f a c e  impedance.
ALBRECHT [4 4  (1965) ,  45 (1966)3 p r e s e n te d  a s im p le  fo rm u la  f o r  
o b ta in in g  th e  ground c o n d u c t iv i t y  from a knowledge o f  th e  p e rc e n ta g e  
w a te r  c o n te n t  o f  th e  e a r t h  and th e  e a r t h  te m p e ra tu r e ,  f u r t h e r  e l a b o r a t i n g  
t h i s  to  p ro v id e  an e x p re s s io n  f o r  s k in  d e p th .  A m o d i f i c a t io n  t o  th e
method of wave t i l t  measurements was p roposed  by KING [46 (1968)3 who
s u g g e s te d  t h a t  c ro s s e d  d ip o le s  may be u s e f u l  i n  th e  LF, MF and HF 
ra n g e s .  He a l s o  s u g g e s te d  t h a t  c ro s s e d  loops may e x h i b i t  some ad v an tag es  
over e l e c t r i c  d ip o l e s  as th e  m ag n e tic  f i e l d s  a r e  l e s s  d i s t u r b e d  by 
n ea rb y  o b j e c t s .
KRAUSE 147 (1967)J examined, by means of th e o ry  and microwave 
m o d e l l in g ,  th e  enhancement o f  v e r t i c a l l y  p o l a r i s e d  HF r e c e iv e d  f i e l d s  
w i th  l a r g e  p l a n a r  and c y l i n d r i c a l  ground s c r e e n s .  He d e m o n s tra ted  
t h a t  whereas +7 to  +14 dB improvement may be  a c h ie v e d ,  ground system s
of th e  o rd e r  o f  10 A t o  100 A w ere n e c e s s a ry .
The fundam en ta l  p h y s i c a l  l i m i t a t i o n s  o f  sm a ll  a e r i a l s  w ere 
d i s c u s s e d  by SCHIEFER £48  (1968)J  b a sed  on r e l a t i o n s h i p s  d e r iv e d  by 
CHU £49  (1948)J  betw een th e  e l e c t r i c a l  p r o p e r t i e s  and th e  g e o m e t r ic a l  
d im ensions o f  a e r i a l s .  A lthough aimed a t  m in ia tu r e  VHF/UHF a e r i a l s ,  
t h i s  p a p e r  c o n ta in s  some i n t e r e s t i n g  co n cep ts  o f  g e n e r a l  a p p l i c a t i o n .
I n d u c t i v e ly  loaded  monopoles a re  commonly employed i n  s h o r t  
a e r i a l  c o n f ig u r a t io n s  e s p e c i a l l y  f o r  m ob ile  a p p l i c a t i o n  [50  (1967)3* 
HANSEN £51 (1973)J examined th e  e f f i c i e n c y  t r a n s i t i o n  p o i n t  and 
d em o n s tra ted  t h a t  in d u c t iv e  lo a d in g  (w ith  QTs t h a t  a r e  g e n e r a l l y  
o b ta in e d  i n  p r a c t i c e )  was n o t  b e n e f i c i a l  f o r  monopole le n g th s  below
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abou t 0*05A. F o llo w in g  on t h i s  p a p e r ,  HANSEN [5 2  (1975)] a n a ly se d  
th e  optimum i n d u c t iv e  lo a d in g  o f  s h o r t  whip a e r i a l s  i n  g r e a t e r  d e t a i l  
by a p ie c e - w is e  s i n u s o i d a l  moment method, d e m o n s t ra t in g  t h a t  e f f i c i e n c y  
v a r i e d  s lo w ly  w i th  lo a d in g  p o s i t i o n  and peaked a t  a b o u t 0*4 o f  th e  
le n g th  o f  th e  whip from  th e  f e e d  p o i n t .
A g u id e  f o r  r a d io  methods o f  m easuring  e a r t h  c o n s ta n t s  was 
p u b l i s h e d  by th e  IEEE [ 5 3  (1974)] which o u t l in e d  d i f f e r e n t  te c h n iq u e s  
f o r  d e te rm in in g  ground c h a r a c t e r i s t i c s  and t h e i r  r e l a t i v e  e x p e r im e n ta l  
f e a t u r e s .  T h is  p ap e r  p ro v id e d  a u s e f u l  summary o f  methods a v a i l a b l e ;  
how ever, i t  c o n c e n t r a te d  on p ro b e ,  t r a n s m is s io n  l i n e  and loop c o u p l in g  
methods and does n o t  cover  wave t i l t  methods f u l l y .  A v a l u a b le  overv iew  
o f  wave t i l t  measurements was p ro v id e d  by KING [ 5 4  (1976)J who d i s c u s s e d  
s u r f a c e  impedance and wave t i l t  co n cep ts  i n  some d e t a i l .  S e v e ra l  
approaches  w ere rev iew ed  and th e  l i m i t a t i o n s  o f  each e v a l u a te d .
LINTERN, LEWIS and UNDERHILL £55 , 56 (1976), 57 (1977) J  have 
i n v e s t i g a t e d  i n  some d e t a i l  th e  problem s a s s o c i a t e d  w i th  HF a e r i a l  
m a tch ing  and have d e v ise d  some i n t e r e s t i n g  te c h n iq u e s  f o r  d i g i t a l  
m atch ing  sy s te m s .  LINTERN. 158 (19.7.6)11 c a r r i e d  o u t  impedance m easurem ents 
on a monopole p la c e d  on a ca ra v an  r o o f ;  how ever, he  commented t h a t  u s in g  
an H .P. Network A n a ly s e r ,  measurements o f  r e a c ta n c e  w ere s t r a i g h t ­
fo rw ard  b u t  th e  r e s i s t i v e  component was much l e s s  r e l i a b l e .
He l i k e w is e  i n v e s t i g a t e d  th e  e f f e c t s  o f  e n v iro n m en ta l  changes 
on th e  b ase  impedance of a monopole a t  HF I 59 (1976)J and p ro p o sed  
a  m onotonic  r e l a t i o n s h i p  betw een th e  d i s t a n c e  o f  th e  p e r t u r b i n g  o b j e c t  
and th e  change i n  modulus and p h a se  o f  th e  b a se  im pedance. LEWIS 
160  (1976)J  and SWEETING 161 (1976)J  an a ly se d  th e  f a d in g  o f  HF 
groundwave s i g n a l s  due to  impedance changes caused by th e  sw aying o f  
a m ob ile  whip a e r i a l ,  and p ro p o sed  te c h n iq u e s  f o r  th e  r e d u c t i o n  o f  
t h i s  f a d in g  by r e s i s t i v e  lo a d in g  o f  th e  a e r i a l  o r  p r e f e r a b l y  by 
d e l i b e r a t e  m ism atch.
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The o v e r a l l  system  e f f i c i e n c y  o f  a sm a l l  a e r i a l  a r rangem en t i s  
i n t i m a t e l y  connec ted  w i th  th e  e f f i c i e n c y  o f  th e  m a tch ing  ne tw orks  and 
th e  ground system . The fo rm er a s p e c t  was a n a ly se d  by SMITH [62  (1977)] 
who d em o n s tra ted  t h a t  f o r  many sm a l l  a e r i a l  system s th e  c o n d i t io n s  
f o r  maximum e f f i c i e n c y  can he met by u s in g  a s im ple  L - s e c t i o n  
m atch ing  ne tw ork .
1 .1 .2  The Scope and O b je c t iv e s  o f  th e  Study
The s tu d y  w hich forms th e  s u b j e c t  o f  t h i s  t h e s i s  was sp o n so re d  
by th e  M.E.L. Co. L td .  of Crawley and commenced in  O ctober 1974 a t  
th e  U n iv e r s i t y  o f  S u rrey .  A c e r t a i n  amount of th e  p r a c t i c a l  and 
t h e o r e t i c a l  work was c a r r i e d  o u t  i n  c o l l a b o r a t i o n  w i th  th e  P h i l i p s  
R esearch  L a b o r a t o r i e s ,  R e d h i l l .
The o r i g i n a l  b ro ad  i n t e n t i o n  was to  examine a f r e s h ,  and from  
a  m a in ly  p r a c t i c a l  v ie w p o in t ,  th e  problem s a s s o c i a t e d  w i th  th e  d e s ig n  
and u se  o f  e l e c t r i c a l l y  s h o r t  a e r i a l s ,  w i th  th e  o b j e c t i v e  to  o p t im is e  
th e  o v e r a l l  communications e f f i c i e n c y  o f  a groundwave HF p o r t a b l e  or 
m ob ile  f i e l d  r a d io  system . S p e c ia l  r e f e r e n c e  was to  be g iv e n  t o  
t a c t i c a l  com munications i n  th e  freq u en cy  ra n g e  1*5 to  30 MHz.
I n  view  o f  th e  r e l a t i v e l y  h ig h  e f f i c i e n c i e s  r e a d i l y  o b ta in e d  
when th e  e l e c t r i c a l  le n g th  o f  th e  a e r i a l  approaches  and exceeds A/4,  
i t  was d ec id ed  to  c o n f in e  th e  i n v e s t i g a t i o n  to  f r e q u e n c ie s  below  20 
MHz. I t  was f u r t h e r  d ec ided  to  commence w i th  an e x am in a t io n  o f  th e  
s im p le s t  p o s s i b l e  a e r i a l  system s w i th  th e  aim o f c h a r a c t e r i s i n g  and 
u n d e rs ta n d in g  th e s e  th o ro u g h ly  b e f o r e  p r o g r e s s in g  on to  more complex . 
v e h i c u l a r  s t r u c t u r e s .
The s u c c e s s io n  o f  i n t e r e s t i n g  and u s e f u l  phenomena d is c o v e re d  
w i th  th e s e  i n i t i a l  s im ple  c o n f ig u r a t i o n s  le d  to  th e  d e c i s i o n  to  
c o n c e n t r a t e  t h e  s tu d y  on ground system s and t h e i r  e f f e c t  on th e  o v e r a l l  
sy stem  p e rfo rm a n ce .  From t h i s  s tu d y ,  i t  was hoped t h a t  s u f f i c i e n t  
i n s i g h t  m ig h t be  o b ta in e d  i n t o  th e  fundam en ta l o p e r a t i o n a l  mechanisms 
to  e n a b le  a m e an in g fu l  e x t r a p o l a t i o n  to  be  made i n t o  th e  v e h i c u l a r  , 
c o n te x t  w i th  i t s  more complex s t r u c t u r e .
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With th e  f i e l d  o f  th e  i n v e s t i g a t i o n  th u s  narrow ed , i t  was p o s s i b l e
to  r e d e f i n e  more p r e c i s e l y  th e  aims o f  th e  p r o j e c t :
(a) To e s t a b l i s h  a  p r a c t i c a l  t e s t  f a c i l i t y  to  examine a e r i a l  
system  c h a r a c t e r i s t i c s  o f  p o r t a b l e  f i e l d  s t a t i o n s  be tw een  1*5 
and 20 MHz.
(b) To i n v e s t i g a t e  s im p le  ground system s b o th  p r a c t i c a l l y  and
t h e o r e t i c a l l y .
(c) To s tu d y  f u r t h e r  any u s e f u l  phenomena found to  improve th e
e x i s t i n g  o v e r a l l  system  perfo rm ance  o f  p o r t a b l e  f i e l d  s t a t i o n s .
(d) To p roduce  a  s e t  o f  p r a c t i c a l  r u l e s  govern ing  th e  o p e r a t io n  o f
a f i e l d  r a d i o  s t a t i o n  to  en ab le  th e  optimum system  perfo rm ance  
to  be a c h ie v e d .
(e) To e x t r a p o l a t e  from th e  knowledge g a in e d  on s m a l l  g round system s
to  p r o v id e  a  fo u n d a t io n  f o r  improvements to  v e h i c u l a r  sy s te m s .
1 .1 .3  ’Environm ental C o n s id e ra t io n s
1 . 1 . 3 . 1  THE AERIAL
The a e r i a l  i s  to  be employed i n  a  m ob ile  o r  p o r t a b l e  m i l i t a r y  
env ironm en t and hence c e r t a i n  p h y s i c a l  r e s t r i c t i o n s  w ere  im m ed ia te ly  
im posed. The r a d i a t i n g  e lem en t i t s e l f  must be  r e l a t i v e l y  s m a l l ,  
r e s i l i e n t  and in c o n s p ic u o u s ,  th e  l a t t e r  b e in g  m a in ly  a  t a c t i c a l  
r e q u i re m e n t .  A m i l i t a r y  m ob ile  env ironm ent i s  p a r t i c u l a r l y  h a r s h  
and th e  a e r i a l  m ust have s a t i s f a c t o r y  m e ch an ica l  as. w e l l  as 
e l e c t r i c a l  p r o p e r t i e s ,  to  m in im ise  th e  r i s k  o f  t o t a l  com m unications 
lo s s  when, f o r  exam ple, th e  v e h i c l e  d r iv e s  under a  low b ra n c h .  
L ik e w is e ,  i t  i s  im p o r ta n t  t h a t  th e  a e r i a l  be in c o n s p ic u o u s ,  
r a p i d l y  assem bled  and e a s i l y  r e p la c e d  i n  th e  e v e n t  o f  damage. 
Armoured v e h i c l e s  p r e s e n t  a p a r t i c u l a r  p rob lem  as i t  i s  g e n e r a l l y  
n e c e s s a ry  to  f e e d  an  a e r i a l  on th e  e x t e r i o r  from  an i n s t a l l a t i o n  
w i th i n .  I t  i s  o b v io u s ly  d e s i r a b l e  to  keep th e  s i z e  o f  h o l e
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th rough  th e  armour to  an a b s o lu t e  minimum; how ever,  th e  minimum 
h o le  d ia m e te r  i s  d i c t a t e d  by v o l t a g e  breakdown, w h i l s t  th e  r . f .  
v o l t a g e  a t  th e  b a s e  o f  th e  a e r i a l  i s  dependen t on i t s  e l e c t r i c a l  
c h a r a c t e r i s t i c s .
P o r t a b l e  and s t a t i c - m o b i l e  s i t u a t i o n s  can be m a rg in a l ly  l e s s  
demanding, and more e l a b o r a t e  a e r i a l  system s may become a c c e p ta b le ,  
where s u b s t a n t i a l  improvements i n  perfo rm ance  s ta n d  to  be g a in e d .
Two s e p a r a t e  o p e r a t in g  p ro c e d u re s  may be  e n v isa g e d ,  th e  f i r s t  
where th e  p o r t a b l e  o r  m ob ile  s t a t i o n  has  o n ly  t e n  to  t h i r t y  
m inu tes  a t  a  p a r t i c u l a r  l o c a t i o n ,  where any a e r i a l  sy s tem  must 
be r a p i d l y  assem b led ,  and th e  second where th e  s t a t i o n  i s  to  be 
e s t a b l i s h e d  f o r  s e v e r a l  h ou rs  o r  more. In  th e  l a t t e r  c a s e ,  a 
more e l a b o r a t e  a e r i a l  sy stem  may w e l l  be  w orth  any e x t r a  tim e 
and com plex ity  i n  assem bly .
 TEST_FACILITY
A r e a l i s t i c  a e r i a l  t e s t  f a c i l i t y  had to  be e s t a b l i s h e d .  The 
re q u ire m e n ts  and problem s a s s o c i a t e d  w i th  t h i s  w ere as  f o l lo w s :
(a) F i r s t l y ,  a s u i t a b l e  l o c a t i o n  had to  be found. The t e s t  
ra n g e  had to  be  s i t u a t e d  w i th i n  a s i z e a b l e  a r e a  of 
r e a s o n a b ly  f l a t  ground w i th  no m ajor o b s t r u c t i o n s  w i t h i n  
a r a d iu s  o f  s e v e r a l  w ave leng ths  a t  low HF (1*5 MHz).
The f a c i l i t y  p r e f e r a b l y  shou ld  be  lo c a te d  on U n i v e r s i t y  
ground to  m in im ise  t r a v e l l i n g  and to  e x p e d i te  p la n n in g  
p e rm is s io n .  I t  w as ,  o f  c o u r s e ,  d e s i r a b l e  t h a t  th e  t e r r a i n  
sho u ld  rem ain  s u b s t a n t i a l l y  u n a l t e r e d  th ro u g h o u t  t h e  
t h r e e  y e a r  i n v e s t i g a t i o n .
(b) S u i t a b l e  s e c u re  h o u s in g  n e a r  o r  on th e  t e s t  ra n g e  was 
n e c e s s a ry  f o r  th e  m easuring  equipment and e x p e r im e n ta l  
a p p a r a tu s .
(c). Impedance and more e s p e c i a l l y  f i e l d  i n t e n s i t y  m easurem ents  
n e c e s s i t a t e d  th e  r a d i a t i o n  and su b se q u en t d e t e c t i o n  o f  low 
l e v e l s  o f  r . f .  power. This  posed  a  p o t e n t i a l  i n t e r f e r e n c e  
p rob lem  and made i t  d e s i r a b l e  t h a t  th e  f a c i l i t y  be  e s t a b l i s h e d  
w e l l  away from any academic o r  o th e r  s e n s i t i v e  o r  n o is y  a r e a s .
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The U n iv e r s i t y  s p o r t s  f i e l d s  a t  Manor Farm p ro v id e d  a  c o n v e n ie n t  
s o l u t i o n .  A l a r g e ,  f l a t  a r e a ,  one and a h a l f  m i le s  from  th e  
n e a r e s t  academ ic b u i l d i n g ,  th e  l o c a t i o n  o f  th e  f i e l d  reduced  any 
p o t e n t i a l  i n t e r f e r e n c e  p rob lem  w h i l s t  re m a in in g  r e a s o n a b ly  c l o s e  
to  th e  U n iv e r s i t y  campus and l a b o r a t o r i e s .  The rem o ten ess  o f  
th e  ra n g e  m ean t,  how ever, t h a t  t h e r e  was no e l e c t r i c a l  power o r  
s h e l t e r  a v a i l a b l e  f o r  o ve r  h a l f  a  m i le  and so a  1*2 KVA Honda 
mains g e n e r a to r  and a sm a l l  second-hand  d o m e st ic  c a ra v a n  w ere 
a c q u i r e d .  The ca rav an  i n t e r i o r  was com ple te ly  s t r i p p e d  down and 
a s e c u re  equipment c a b in e t  and some w orking s u r f a c e s  c o n s t r u c t e d  
i n s i d e .  D e tac h ab le  m e ta l  p l a t e s  were f i t t e d  o v e r  th e  windows 
( i n s i d e ) ,  th e  e x t e r i o r  cam ouflaged g re e n  and th e  c a ra v a n  f i n a l l y  
p o s i t i o n e d  i n  th e  f u r t h e s t  c o rn e r  o f  th e  t e s t  r a n g e .
As w i th  a l l  f i e l d  e x p e r im e n ts ,  c a r e f u l  p la n n in g  o f  th e  ex p e r im en ts  
was e s s e n t i a l .  The g r e a t e r  p a r t  o f  th e  p r a c t i c a l  s tu d y  was 
conducted  on f o o t  and th e  f i v e - m i l e  round t r i p  meant an ho u r  o r  
more d e la y  i f  some i tem s  w ere i n a d v e r t e n t l y  l e f t  b e h in d .
P a r t i c u l a r  n o t e s :
S e v e ra l  f e a t u r e s ,  how ever, a r e  p e c u l i a r  to  t h i s  t e s t  f a c i l i t y  
and a r e  w orth  m e n tio n in g .  F i r s t l y ,  th e  e f f e c t i v e  ground 
c o n d u c t iv i t y  appea red  to  be g r e a t e r  th a n  t h a t  e x p ec ted  from  
normal sandy s o i l .  T h is  may b e  due to  f e r t i l i z e r  s a l t s  
p e r i o d i c a l l y  s p r in k le d  over  th e  ground to  a s s i s t  g r a s s  g row th . 
S econd ly ,  a number o f  low e l e c t r i c  c a t t l e  f e n c e s  su r ro u n d  th e  
f i e l d ;  how ever, th e s e  d id  n o t  c o n t r i b u t e  any a p p a re n t  i n t e r f e r e n c e  
n o r  cou ld  t h e i r  e f f e c t  on a e r i a l  perfo rm ance  be d i s c e r n e d .
T h i r d ly ,  a s p o ra d ic  r e s t r i c t i o n ,  e s p e c i a l l y  on f i n e  d a y s ,  was 
imposed due to  games o f  r u g g e r ,  hockey o r  c r i c k e t  w hich a l s o  
used  p a r t  o f  t h e . t e s t  ran g e!
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1.2 SUMMARY
The background to  the  problems a s s o c ia t e d  w ith  e l e c t r i c a l l y  s h o r t  
a e r i a l s  i s  p ro v id ed  by a d e t a i l e d  h i s t o r i c a l  su rv ey ,  t r a c i n g  th e  use  
and development o f  s h o r t  a e r i a l s  syterns from M arcon i 's  f i r s t  experim ents  
to  the  p r e s e n t  day. P a r t i c u l a r  emphasis i s  p la c e d  on th e  s e a rc h  f o r  
e f f i c i e n t  ground systems and methods of m easuring th e  p r e v a i l i n g  
ground c o n s ta n t s .
A s im ple  t h e o r e t i c a l  model i s  p roposed  fo llow ed  by a d i s c u s s io n  
o f  th e  fundam ental l i m i t a t i o n s  on perform ance of an i d e a l ,  l o s s l e s s  
system  based  on an exam ination  o f  th e  a e r i a l  impedance, r a d i a t i o n  
p a t t e r n ,  e a r t h  r e t u r n  c u r r e n t s ,  tu n in g  and m atching r e q u i r e m e n ts ,  and 
ty p i c a l  o p e r a t in g -  and r a d ia t io n -Q  c h a r a c t e r i s t i c s .
The d i s c u s s io n  e s t a b l i s h e s  th e  fundam ental maximum o p e r a t in g  
e f f i c i e n c i e s  of an i d e a l  system  and then  p ro g re s s e s  to  examine th e  
e f f e c t  of in t ro d u c in g  lo s s  in t o  the  system . An e n la rg e d  t h e o r e t i c a l  
model, in c lu d in g  the  v a r io u s  lo s s  mechanisms, i s  then  p re s e n te d  and 
the e f f e c t  o f  the  ground r e tu r n  lo s s e s  and m atching network lo s s e s  
a re  d i s c u s s e d ,  in  d e t a i l ,  i n  terms of th e  System-Q and th e  fundam enta l 
l i m i t a t i o n s  on maximum communications e f f i c i e n c y .  Based on t h i s  
d i s c u s s io n ,  p rom ising  a re a s  w orthy of f u r t h e r  i n v e s t i g a t i o n  a re  
h ig h l ig h te d  and a programme o f  e x p e r im e n ta l  work i s  p roposed .
The ex p e r im en ta l  work, which forms the  main t o p i c  o f  th e  t h e s i s ,  
commences w i th  a d e l i b e r a t e l y  d e t a i l e d  d e s c r ip t io n  of th e  t e s t  f a c i l i t y ,  
m easuring  equipment and e x p e r im en ta l  te c h n iq u e ,  em phasis ing  th e  
p r e c a u t io n s  n e c e ssa ry  to  a r r i v e  a t  r e l i a b l e  and r e p e a ta b le  r e s u l t s .
An e x te n s iv e  s e r i e s  of f i e l d  measurements i s  then  d e s c r ib e d .  Commencing 
w ith  the  s im p le s t  a e r i a l  c o n f ig u r a t io n s ,  th e  experim en ts  evo lve  
towards th e  development of s m a l l ,  optimum perform ance a e r i a l  sy s tem s .
Base impedance measurements a re  e s t a b l i s h e d  as a r e l a t i v e l y  r a p id  
tech n iq u e  f o r  c h a r a c t e r i s i n g  s m a l l ,  sym m etrica l a e r i a l  sy s tem s , 
compared to  the  le n g th y  r a d i a t e d  f i e l d  s t r e n g t h  methods norm ally  
n e c e s s a ry .  The r e l a t i v e  perform ances  of d i f f e r e n t  s i z e  ground system s 
a re  e v a lu a te d  and the  phenomena of r a d i a l  resonance  a re  i n v e s t i g a t e d  
in  some d ep th .
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The e f f e c t s  o f  th e  p ro x im i ty  of a lo s s y  h a l f - s p a c e  on th e  
r a d i a l  re so n a n c e  phenomena and o f  th e  f a d in g  due to  whip sway i n  h ig h  
e f f i c i e n c y  system s a r e  th e n  a n a ly se d  t h e o r e t i c a l l y ,  and a  more 
com plete  model p ro p o se d .  I t  :is  d em o n s tra ted  t h a t ,  w i th o u t  a  c l e a r  
u n d e r s ta n d in g  o f  t h e  u n d e r ly in g  mechanisms of  o p e r a t i o n ,  fo l lo w in g  
s ta n d a rd  p r a c t i c e  may r e s u l t  i n  a  c o n s id e r a b le  r e d u c t io n  o f  
communications e f f i c i e n c y ,  and a l s o  t h a t  th e  f a d in g  due to  whip sway 
may be red u ce d  by th e  a d d i t i o n  o f  a  lo s s  r e s i s t a n c e  o r ,  p r e f e r a b l y ,  
by in t r o d u c in g  a d e l i b e r a t e  m ism atch.
The e x p e r im e n ta l  r e s u l t s  and t h e o r e t i c a l  a n a ly se s  a r e  d i s c u s s e d  
i n  th e  c o n te x t  o f  o p e r a t i o n a l  sy s te m s ,  and a  p ro c e d u re  f o r  th e  
development o f  o p t im is e d  a e r i a l  system s i s  p r e s e n te d .  F i n a l l y ,  a  s e t  
of g u id e l in e s  d es ig n ed  to  a c h ie v e  maximum communication e f f i c i e n c i e s  
i n  f i e l d  com munication system s i s  g iv e n  to  a s s i s t  r a d i o  o p e r a to r s  
u s in g  s h o r t  a e r i a l  sy s tem s .
1 .3  CONCLUSIONS
The f o l lo w in g  co n c lu s io n s  can  be drawn from th e  r e s u l t s  o f  
t h i s  s tu d y .
T h is  t h e s i s  has  d em o n s tra ted  t h a t  t h e r e  a re  c e r t a i n  fu n d am en ta l  
l i m i t a t i o n s  on th e  perfo rm ance  o f  e l e c t r i c a l l y  s h o r t  a e r i a l  sy s tem s .
These l i m i t a t i o n s  have been  d e f in e d  u s in g  th e  co n cep ts  o f  r a d i a t i o n - Q ,  
o p e ra t in g -Q  and system -Q , th u s  a l lo w in g  th e  fundam en ta l l i m i t s  on th e  
maximum r a d i a t i o n  e f f i c i e n c y  to  be  e x p re s se d  s im ply  i n i  term s o f  th e  
minimum p e r m i s s i b l e  o p e r a t in g  bandw id th .
In  an i d e a l  l o s s l e s s  a e r i a l  c i r c u i t ,  th e  system  becomes b an d w id th -  
l im i t e d  a t  low f r e q u e n c i e s  due to  th e  r a p i d l y  i n c r e a s i n g  r a d i a t i o n - Q .
I t  i s  then  n e c e s s a ry  to  in t r o d u c e  a c e r t a i n  amount o f  1 d e l i b e r a t e *  lo s s  
r e s i s t a n c e  to  re d u c e  th e  system-Q and to  m a in ta in  th e  minimum p e r m i s s i b l e  
o p e r a t in g  bandw id th  d i c t a t e d  by th e  re q u ire m e n ts  o f  th e  u s e r .  T h is  
1 d e s i r a b l e 1 l o s s  r e s i s t a n c e ,  how ever, d e c re a se s  w i th  i n c r e a s i n g  f r e q u e n c y  
u n t i l  th e  f re q u e n c y  ( f ^ )  i s  r e a c h e d  a t  which th e  o p e ra t in g -Q  m atches  
th e  r a d i a t i o n - Q  and above which th e  lo s s  shou ld  be z e ro .  The f r e q u e n c y ,
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J^ ne , r e p r e s e n t s  th e  low es t  f re q u e n c y  a t  which a r a d i a t i o n  e f f i c i e n c y  of 
100% i s  t h e o r e t i c a l l y  p o s s i b l e ,  g iv e n  an i d e a l  l o s s l e s s  system .
In  a more r e a l i s t i c ,  lo s s y  a e r i a l  c i r c u i t ,  th e  i n h e r e n t  lo s s  
mechanisms may b e  c o n v e n ie n t ly  u t i l i s e d  to  p ro v id e  th e  n e c e s s a ry  
r e d u c t io n  in  system-Q to  meet th e  bandw idth  c o n s t r a i n t s .  Maximum 
r a d i a t i o n  e f f i c i e n c y ,  how ever, n e c e s s i t a t e s  c a r e f u l  m a tch ing  o f  th e  
p r a c t i c a l  sy stem  lo s s  to  th e  ' d e s i r a b l e 1 r e s i s t a n c e  c h a r a c t e r i s t i c ,  
and, as i n  th e  l o s s l e s s  c a s e ,  th e  system  lo s s  must d e c r e a s e  w i th  
i n c r e a s i n g  f re q u e n c y .  At and above f me> th e  system  lo s s  s h o u ld ,  
i d e a l l y ,  be z e ro  f o r  maximum e f f i c i e n c y .  I t  i s  n o t  p r a c t i c a b l e  to  
ac h ie v e  such a  l o s s - f r e e  sy stem ; how ever, p ro v id in g  th e  s y s te m - lo s s  
i s  k e p t  as  low as p o s s i b l e ,  th e  e f f e c t  o f  sm a l l  f ix e d  amounts o f  lo s s  
have a d e c r e a s in g  e f f e c t  on th e  r a d i a t e d  f i e l d  i n t e n s i t y  and r a d i a t i o n  
e f f i c i e n c y  w i th  i n c r e a s in g  f re q u e n c y  (up to  A/4) due to  th e  r a p i d l y  
in c r e a s i n g  r a d i a t i o n  r e s i s t a n c e .
The above approach  has  p ro v id e d  a s im p le  means w hereby an 
optimum a e r i a l  system  c h a r a c t e r i s t i c  can be p roduced  f o r  a g iv e n  s e t  
of  u s e r  o p e r a t in g  r e q u i re m e n ts .
An ex am in a t io n  o f  th e  c o n t r i b u t o r y  lo s s  mechanisms has  shown, 
p ro v id in g  c e r t a i n  s im p le  p r e c a u t io n s  a r e  o b se rv ed ,  th e  e f f e c t  o f  th e  
ground lo s s  r e s i s t a n c e  to  be  dom inant. A su b se q u en t e x t e n s iv e  s e r i e s  
o f  f u l l - s c a l e  f i e l d  measurements i l l u s t r a t e d  and confirm ed  th e  
im portance  o f  a s u i t a b l e  ground system  r e l e v a n t  to  a p a r t i c u l a r  
a p p l i c a t i o n .  These experim en ts  c l e a r l y  dem onstra ted  th e  a p p l i c a t i o n  
o f  b a s e  impedance measurements as a means f o r  p r o v id in g  a r a p id  
c h a r a c t e r i s a t i o n  o f  s im p le  sy m m etr ica l  a e r i a l  sy s te m s ,  w i th o u t  h a v in g  
to  r e s o r t  to  p r o t r a c t e d  f i e l d  i n t e n s i t y  measurements i n  each  c a s e .
The p r a c t i c a l  i n v e s t i g a t i o n  prom pted th e  fo l lo w in g  s p e c i f i c  
c o n c lu s io n s :
35
(1) I t  i s  im p o r tan t  to  p ro v id e  as much r a d i a l  conducto r  i n  th e
immediate v i c i n i t y  of th e  a e r i a l  base  as p o s s i b le  -  the  c u r r e n t
d e n s i ty  i s  a t  i t s  h ig h e s t  t h e r e .
(2) For a g iven  amount of co n d u c to r ,  a g r e a t e r  number of s h o r t  
r a d i a l s  perform s b e t t e r  than  a few long ones.
(3) C i rc u m fe re n t ia l  conduc to rs  c o n t r i b u te  n o th in g  -  i t  i s  r a d i a l  
conductors  t h a t  d e te rm ine  th e  perform ance.
(4) I n te g e r  halfw ave r a d i a l  resonances  can g ive  r i s e  to  c o n s id e ra b le
lo s s  of system  e f f i c i e n c y  (6 -  10 dB ), and a re  thus  most
u n d e s i r a b l e .
(5) I n te g e r  quar te rw ave  r a d i a l  resonances  p ro v id e  a low impedance 
ground c i r c u i t ,  in c r e a s in g  the  system  e f f i c i e n c y  and a re  hence 
d e s i r a b l e .
(6 ) The p ro x im ity  of th e  e a r t h  to  the  r a d i a l  system  s u b s t a n t i a l l y
m o d if ie s  th e  phase  v e l o c i t y  on th e  r a d i a l  w ire s  from t h a t  of
f r e e  space -  up to  a f a c t o r  of / e  f o r  b u r ie d  w ire s  (e -  30).
§ §
(7) The p ro x im ity  o f  the  r a d i a l  w ire s  to  th e  lo s s y  e a r t h  a l s o  
m o d if ie s  th e  Q, and hence bandw idth , of th e  r a d i a l  re so n an ces  
(Q a  h) .
( 8) Groundplanes u s in g  r a d i a l  w ire s  of d i f f e r i n g  le n g th s  tend  to  
reduce  resonance  e f f e c t s .
(9) L i f t i n g  th e  r a d i a l  w ire  system  1 -  2 f t .  above th e  ground 
p ro v id es  a g e n e r a l ly  e f f i c i e n t  system  -  excep t a t  th e  narrow 
band nX/2 re so n a n c e s ,  (n an in t e g e r )
(10) R e la t i v e ly  sm all  (16 f t . )  g roundplanes  g ive  b e t t e r  perfo rm ance  
than  might be ex p ec ted .
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(11) A f l a t  (1 0 1 x 6 T) v e h i c l e  ro o f  l ik e w is e  perfo rm s  q u i t e  w e l l .
(12) The a e r i a l  sh o u ld  be  mounted on th e  c e n t r e  o f  th e  ro o f  f o r
r a d i a t i o n  p a t t e r n  symmetry.
(13) R a d ia ls  a t t a c h e d  to  th e  ro o f  of a v e h i c l e  ( s t a t i c - m o b i l e )  may
improve perfo rm ance  a t  low er f r e q u e n c i e s .
(14) D esign r a d i a l s  t o  b e  A / 4  long .
A d i s c u s s io n  o f  th e  r a d i a l  re so n an ce  phenomena has  i n d i c a t e d  
t h a t  th e  m o d i f i c a t i o n  o f  th e  phase  v e l o c i t y  o f  th e  e a r t h  r e t u r n  
c u r r e n t s  on th e  r a d i a l  w ire s  due to  th e  p ro x im ity  o f  th e  e a r t h  could  
be  u t i l i s e d  to  p ro v id e  a r e l a t i v e l y  s im ple  method f o r  d e te rm in in g  the  
b u lk  ground c o n s t a n t s .
A communications channe l betw een two m obile  s t a t i o n s  e s t a b l i s h e d  
w h i le  b o th  a r e  s t a t i o n a r y  o f t e n  becomes u n u sab le  when one o r  b o th  of 
th e  v e h i c l e s  moves. One im p o r ta n t  c o n t r i b u to r y  f a c t o r  i s  th e  swaying 
o f  th e  a e r i a l  when th e  v e h i c l e  i s  i n  m o tion . V a r i a t i o n s  i n  th e  b a s e  
impedance of a swaying a e r i a l  were observed  d u r in g  th e  c o u rs e  o f  th e  
e x t e n s iv e  s e r i e s  o f  h . f .  f i e l d  m easurem ents. T h is  sway in t r o d u c e s  
sm a l l  changes i n  th e  a e r i a l  c a p a c i t a n c e  r e s u l t i n g  in  s i g n i f i c a n t  
changes i n  r e a c ta n c e ,  and an a e r i a l  which i s  p r e c i s e l y  tuned  when 
u p r i g h t  and s t a t i o n a r y  may have i t s  v . s . w . r .  s e r i o u s l y  degraded  once 
i t  b e g in s  to  sway. The p e r i o d i c  mismatch t h a t  r e s u l t s  can cause  
s e v e re  f a d in g .  The b a s i c  th e o ry  of two methods f o r  r e d u c in g  mismatch 
fa d in g  w i th o u t  co n t in u o u s  r e tu n in g  a re  p r e s e n te d ,  and b o th  in v o lv e  
th e  d e l i b e r a t e  i n t r o d u c t i o n  o f  s e r i e s  lo s s  r e s i s t a n c e  i n t o  th e  a e r i a l  
system . In  th e  f i r s t  m ethod, th e  r e s i s t a n c e  i s  p r e s e n t  b o th  d u r in g  
r e c e p t i o n  and t r a n s m is s i o n ;  i n  th e  second , i t  i s  removed once impedance 
m atch ing  i s  com plete  and s e rv e s  o n ly  to  in t r o d u c e  a d e l i b e r a t e  mismatch 
w i th  no power l o s t  to  i t  d u r in g  r e c e p t i o n  o r  t r a n s m is s io n .  Both methods 
r e c o g n i s e  t h a t  i t  i s  s e n s i b l e  to  t r y  to  im p ro v e , th e  match a t  th e  w o r s t  
p o i n t  i n  th e  f a c in g  c y c le  -  i f  n e c e s s a ry  a t  th e  expense  o f  th e  match o r  
e f f i c i e n c y  a t  th e  b e s t  p o i n t .  An improvement i n  communications 
e f f i c i e n c y  o f  up to  6*5 dB i s  t h e o r e t i c a l l y  a v a i l a b l e .
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F i n a l l y ,  i n  an exam ina tion  of th e  req u ire m en ts  f o r  an optimum 
a e r i a l  system , i t  i s  n e c e s s a ry  to  in c lu d e  the  p r o p e r t i e s  of the  A e r ia l  
Tuning U n it .  Each p a r t i c u l a r  a p p l i c a t i o n  n e c e s s i t a t e s  a unique d es ig n  
f o r  an optimum a e r i a l  system  in v o lv in g  e n g in e e r in g  d e c i s io n s  dependent 
upon p r e v a i l i n g  f a c t o r s ;  however, a g e n e ra l  d es ign  p ro ced u re  i s  
developed and used to  i l l u s t r a t e  the  o v e r a l l  d e s ig n  p h i lo so p h y .  This 
e x e r c i s e  dem onstra tes  q u i t e  c l e a r l y  t h a t ,  i n  n e a r ly  a l l  i n s t a n c e s ,  
e f f o r t  d i r e c t e d  towards the  development of v e ry  high-Q XATU's i s  
t o t a l l y  w asted .
A pplied  to  a s p e c i f i c  a p p l i c a t i o n ,  i t  i s  shown t h a t  a ' t a i l o r e d - Q '  
ATU c h a r a c t e r i s t i c  i s  d e s i r a b l e  and t h a t  th e  maximum ATU-Q i s  below 600. 
For more g e n e ra l  u s e ,  however, i t  i s  adequa te  to  compromise w i th  a 
’ shaped-Q1ATU c h a r a c t e r i s t i c  -  des igned  from a knowledge of th e  
p r a c t i c a l  ground system  perform ance l i m i t a t i o n s  and th e  a e r i a l  r a d i a t i o n  
c h a r a c t e r i s t i c s .
NOTE
A f te r  com ple tion  o f  t h i s  s tudy  a t h e o r e t i c a l  a n a ly s i s  and computer 
s im u la t io n  o f  th e  e f f e c t  of s p a rs e  ground systems on th e  perform ance 
o f  s h o r t  monopole a e r i a l  systems was r e p o r te d  by E .K .M il le r  e t  a l .
(ELECTRONIC LETTERS, 14 Sept 1978,Vol 14, N o.19). This  paper d ic u sse d  th e  
degree  o f  r a d i a t i o n  p a t t e r n  l i f t - o f f  in  th e  v e r t i c a l  p lane  dependent on 
the  ground system geometry.
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2 FUNDAMENTAL THEORETICAL ANALYSIS
This C hap te r  examines th e  b a s i c  c h a r a c t e r i s t i c s  and fundam en ta l 
l i m i t a t i o n s  o f  an e l e c t r i c a l l y  s h o r t ,  v e r t i c a l  a e r i a l  norm al to  a 
g ro u n d p lan e .  The r e s u l t s  o f  t h i s  a n a l y s i s  a r e - t h e n  u sed  to  s u g g e s t ,  
p ro b a b le  a r e a s  o f  p ro m is in g  i n v e s t i g a t i o n  and hence a programme of 
e x p e r im e n ta l  work l a t e r  d e s c r ib e d  i n  C hap te r  'Three.
The a n a l y s i s  i s  f i r s t  d i r e c t e d  tow ards a s im p le  t h e o r e t i c a l  
model o f  th e  a e r i a l  i n  a  l o s s l e s s  sy s tem , and th e n  d eve loped  to  
d e s c r ib e  th e  o p e r a t io n  o f  th e  a e r i a l  when employed i n  a  lo s s y  and 
more r e a l i s t i c  env ironm ent.
2 .1  SIMPLE THEORETICAL MODEL AND FUNDAMENTAL LIMITATIONS 
IN A LOSSLESS SYSTEM
2 . 1 .1  Simple A e r i a l  Model
Over th e  f req u en cy  ran g e  o f  i n t e r e s t  i n  t h i s  s t u d y ,  i . e .
1*5 to  30 MHz, th e  e l e c t r i c a l  l e n g th  o f  a  s h o r t  whip a e r i a l  i s  a 
v a r y in g  p r o p o r t i o n  of  th e  o p e r a t in g  w ave leng th  A and w i l l  ap p ea r  
r e a c t i v e  a t  th e  f e e d p o i n t .  We w i l l  c o n s id e r  th e  case  o f  a v e r t i c a l ,  
b a se  f e d  4 m e tre  monopole. I f  th e  e f f e c t i v e  e l e c t r i c a l  l e n g th  i s  l e s s  
th a n  one q u a r te r -w a v e ,  th e  a e r i a l  e x h i b i t s  a c a p a c i t i v e  r e a c t a n c e  and 
i f  lo n g e r  i t  e x h i b i t s  an in d u c t iv e  r e a c t a n c e .  The a e r i a l  m ust alw ays 
p o s s e s s  a  r e s i s t i v e  component a s s o c i a t e d  w i th  i t  so t h a t  th e  f e e d p o i n t  
impedance i s  g e n e r a l l y  complex, u n le s s  th e  a e r i a l  i s  e x a c t l y  A/4 i n  
l e n g t h ,  when mounted norm al to  a  g ro u n d p la n e ,  i n  which c a s e  i t  w i l l  
be p u r e ly  r e s i s t i v e ,  com pris ing  a  r a d i a t i o n  r e s i s t a n c e  and any s e r i e s  
l o s s  r e s i s t a n c e .
An e l e c t r i c a l  q u a r t e r  w ave leng th  monopole, mounted v e r t i c a l l y  
o ve r  an i n f i n i t e  and p e r f e c t l y  co n d u c t in g  g ro u n d p lan e ,  would e x h i b i t  
a  b a s e  impedance o f  36*4 ± .j 0 fi.
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C onsider  a  whip mounted v e r t i c a l l y  o ver  an i n f i n i t e  and 
p e r f e c t l y  co n d u c t in g  ground th u s :
whip
 ^g roundp lane
F ig u re  1
This  c o n f ig u r a t i o n  may be r e p r e s e n t e d  i n i t i a l l y  by th e  v e ry
s im p le  model:
ae
ae
ae
o r  i n  lumped c i r c u i t :
:R
F ig u re  2
R , C and L may be computed from th e  p h y s i c a l  d im en s io n s ,  r  ae ae
The c o n f i g u r a t i o n  becomes q u a r t e r  wave r e s o n a n t  when XLae = ~ ^ c a e »
when Z — R . ae  r
2 . 1.2 A e r i a l  Impedance
Two q u a n t i t i e s  may be  used  when d i s c u s s in g  th e  r a d i a t i o n  
r e s i s t a n c e  o f  an  a e r i a l :  R^ and R^ _, which a r e  th e  r a d i a t i o n  r e s i s t a n c e  
r e f e r e n c e  t h e  loop c u r r e n t  and r e f e r e n c e  th e  b a s e  c u r r e n t  r e s p e c t i v e l y .  
F o r  a e r i a l  h e i g h t s  below 90° when s im p le  s in u s o i d a l  c u r r e n t  d i s t r i b u t i o n  
can b e  assum ed, th ey  a r e  connec ted  by th e  fo l lo w in g  e x p r e s s io n :
Rn . = R . s i n 2h Jl r  o
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VAN DER POL [1 0  (1917)] evo lved  a b a s i c  e x p re s s io n  f o r  th e  
r a d i a t i o n  r e s i s t a n c e  r e f e r r e d  to  th e  loop c u r r e n t ;  how ever, f o r  
a e r i a l  h e i g h t s  betw een 0° and 90° i t  i s  g e n e r a l ly  more u s e f u l  to  
employ th e  r a d i a t i o n  r e s i s t a n c e  r e f e r e n c e  th e  b a s e  c u r r e n t ,  R^, 
g iv e n  by :
R . =F • 2is m  h
/•s in (2h Q) n c o s ( 2h ) r ^
8in2h . { - 2 5 —  - x)  -  - r - 2-  1C + lo g (4 V  -  c i (4V ;O 2a
rS . ( 4 h )
+ -{C + lo g (2 h o) -  (2hQ) V + s in ( 2 h Q) '■!------^ ~ E q n (l)
r x  .
where : S . ( x ) . i s  th e  s in e  i n t e g r a l    . du , and
Jo u
CL(x) i s  th e  c o s in e  i n t e g r a l ,  b o th  o f  w hich may be 
e x p re s se d  as s e r i e s  ex p a n s io n s .
However, f o r  v a lu e s  o f  h/A l e s s  th a n  abou t 0*1 ( i . e .  below ab o u t 
6 MHz f o r  a 4 m e tre  w h ip ) ,  th e  e x p re s s io n  f o r  R^ can be  c o n v e n ie n t ly  
reduced  t o :
R -  10 h o r
Eqn(2)
where : h = a e r i a l  h e i g h t  i n  r a d ia n so r
The s e r i e s  r e a c ta n c e  o f  a s h o r t  a e r i a l  i s  g iv en  by :
X = -1 5 -{ s in (2 h  ) [ - C  + £ ae I o ' n r 2J
+ 2C .(2h ) -• C .(4h  ) ]
1  O  1  O  .
-  co s(2 h  ) [ 2 S . ( 2 h  ) -  S. (4h ) ] -  2 S .(2 h  ‘(ft)o 1 o 1 O 1 o 1
Eqn(3)
[JORDAN (1 9 6 8 )]
The loop r a d i a t i o n  r e s i s t a n c e  may be o b ta in e d  from:
Ra = Rr  s i n  h 0
41
120
THEORETICRL LOOP RRDIRTION RESISTRNCE
100
COHMSH
0 0.250 0.500 0.750 1
RERIRL HEIGHT CWRVELENGTHS3 «w ra  1974
F i g u r e  3
250
200
150 THEORETICRL BRSE RRDIRTION RESISTANCE
4 M WHIP ABOVE PERFECT GROUNDPLANE
100
R = 1 0 (h
o r
FREQUENCY CHHZ3
F i g u r e  4
42
250
6m 5m
200
C0HMS3
150 THEORETICAL BASE RADIATION RESISTANCE
VARIOUS LENGTH MONOPOLES C0.5M INTERVALS/
too
3m
2m
FREQUENCY CMHZ3
F ig u re  5
43
However, t h i s  may a l s o  b e  red u ced  to  a more c o n v en ien t  form :
X Z . c o t  h » Eqn(4)ae o o
where : Z = 60 ( lo g  (—) -  1) ohms,o e r
Thus : Xae 6 0 . c o t  h . ( lo g  (—) -  1) .  (Q).o e r
Eqn(5)
E q u a t io n  (3) assumes an a e r i a l  o f  un ifo rm  c ro s s  s e c t i o n  w i th  a 
s i n u s o i d a l  c u r r e n t  d i s t r i b u t i o n  and no s h u n t in g  i n s u l a t o r  c a p a c i t a n c e  
a t  th e  b a s e .
The r a d i a t i o n  r e s i s t a n c e  and r e a c ta n c e  o f  a 4 m e tre  whip above an 
i n f i n i t e  and l o s s l e s s  g roundp lane  a r e  shown i n  f i g s . 3 , 4 and 6 , w h i l s t  
f i g s .  5 and 7 d em o n s tra te  th e  e f f e c t  o f  v a ry in g  th e  l e n g th  o f  th e  whip 
i n  0*5 m i n t e r v a l s .
2 . 1 . 3  A e r i a l  R a d ia t io n  P a t t e r n
C ons ider  n e x t  th e  r a d i a t e d  f i e l d  i n t e n s i t y  p a t t e r n  o f  a  v e r t i c a l  
monopole mounted o ver  an i n f i n i t e  h o r i z o n t a l  g roundp lane  s u b j e c t  to  
no l o s s e s .  The a e r i a l  can be re g a rd e d  as  b e in g  a t  th e  o r i g i n  o f  a 
l a r g e  h e m is p h e r ic a l  s h e l l ,  th e  e l e c t r i c  and m ag n e tic  components a t  
any p o i n t  on th e  s h e l l  due to  th e  a e r i a l  and i t s  image b e in g  c a l c u l a t e d  
from H e r tz i a n  th e o ry .
Assuming th e  v e l o c i t y  r a t i o  to  be u n i t y ,  th e  g e n e r a l  e q u a t io n  
f o r  e l e c t r i c  f i e l d  i s  as  fo l lo w s :
E,'0 • cosa  -  cosB .cos  (h .cosG)o
Eqn(6 )
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where : Eg = f i e l d  i n t e n s i t y  (V/m) a t  e l e v a t io n  an g le  0
k = d i s t a n c e  i n  k i lo m e t re s
0 = e l e v a t i o n  ang le  (0= 0° -  z e n i th  of p a t t e r n )
a = e f f e c t i v e  e l e c t r i c a l  h e ig h t  of monopole
3 = e f f e c t i v e  a d d i t i o n a l  e l e c t r i c a l  h e i g h t  due to
to p - lo a d in g
( f o r  a v e r t i c a l  monopole w i th o u t  to p - lo a d in g ,  3 = 0  and a  = h Q) . 
But: P , = P. = lpR0 ( l o s s l e s s  s y s te m ) ,
IT 3 . CL 1X 1 36 a/
th u s :  Eq = -— Q /  ^ I cos h -  cos(h  . c o s 0 ) i0 k s m  0 /  I ° 0 1
(see  f i g s .  8 and 9)
We a re  p r im a r i ly  i n t e r e s t e d  i n  th e  s u r f a c e  groundwave and f o r  
th e  s p e c i a l  case  when 0 = 90 ° ,  e q u a t io n  (7) may be reduced  to :
^ _ 60 /  m  ( .E -  -— /  —— *(cos h -  1 ).
o k  /  Q
C onverting  from loop to  base  r a d i a t i o n  r e s i s t a n c e
E = 60 A n
o k /  Rr
cos h -  1 o
s i n  ho
C onsider th e  groundwave f i e l d  i n t e n s i t y  a t  a d i s t a n c e  o f  1 km 
from a A/4 monopole r a d i a t i n g  1 w a t t  in  a l o s s l e s s  system :
Eo = 60 /  i h  ■ (- x)
= -  9*92 mVm 1
Eqn(7.
Eqn(8;
Eqn(9>
Eqn(lC
Now, compare t h i s  w i th  a l o s s l e s s  4 m etre  whip a t  1*5 MHz:
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hod 7*2°
R 0*16 Qr
E = 60 /   f1 cos 7*2° -  10*16 s i n  7*2°
-  9*49 mVm 1
Thus, in  a l o s s l e s s  system  and f o r  equa l  in p u t  pow ers, th e
d i s t a n t  groundwave f i e l d  i n t e n s i t y  from a v e ry  s h o r t  a e r i a l  (A/50)
i s  on ly  4 *2% le s s  than  t h a t  due to  a q u a r t e r  wave re s o n a n t  a e r i a l  ( f i g .  10) .
F u r th e r ,  f o r  an i n f i n i t e s i m a l  l o s s l e s s  a e r i a l ,  th e  f i e l d  only  
reduces  to  E = -  9*48 mVm""1, which i s  on ly  4*26% le s s  th an  t h a t  due 
to  a A/4 a e r i a l  r a d i a t i n g  the  same power. Although th e r e  i s  on ly  a 
0*4 dB d i f f e r e n c e  between th e  d i s t a n t  f i e l d  i n t e n s i t i e s  i n  a l o s s l e s s  
system , t h i s  cannot be r e a l i s e d  in  p r a c t i c e ,  as a f i e l d  environm ent 
in t ro d u c e s  lo s s e s  and c o n s t r a i n t s  which in c r e a s e  t h i s  d i f f e r e n c e  v e ry  
c o n s id e ra b ly .
2 .1 .4  E a r th  R eturn  C urren ts
E ar th  c u r r e n t s  a re  s e t  up in  th e  fo llo w in g  manner ( f i g . 11).
D isp lacem ent c u r r e n t s  le ave  the  a e r i a l ,  flow  through s p a c e ,  and 
f i n a l l y  flow  in t o  th e  e a r th  where they  become conduc tion  c u r r e n t s .
I f  th e  e a r th  i s  homogeneous th e  s k in  e f f e c t  w i l l  tend  to  c o n f in e  th e  
c u r r e n t s  to  n ea r  th e  s u r f a c e  o f  th e  e a r t h  as th ey  flow back to  th e  
a e r i a l  a long r a d i a l  l i n e s .  As the  c u r r e n t s  flow in  toward th e  a e r i a l ,  
they  a re  c o n t in u a l ly  added to  by more d isp lacem en t c u r r e n t s  f lo w in g  
i n t o  the e a r t h .  The e a r t h  c u r r e n t s  w i l l  n o t  n e c e s s a r i l y  i n c r e a s e  
due to  th e se  a d d i t i o n a l  d isp lacem en t c u r r e n t s  s in c e  th e  v a r io u s  
components may d i f f e r  in  phase .
Figure 11
Consider an im aginary  c y l in d e r  of r a d iu s  r ^  sunk i n t o  th e  ground 
c o a x ia l l y  w i th  th e  a e r i a l  to  a dep th  g r e a t e r  than  th e  dep th  o f  pene­
t r a t i o n .  .D en o t in g  th e  t o t a l  c u r r e n t  f low ing  r a d i a l l y  towards the  
a e r i a l  a c ro s s  th e  s u r f a c e  o f  th e  c y l in d e r  by I  , th e n ,  i f  th e  
e a r th  i s  p e r f e c t l y  co n d u c t in g ,  th e  t o t a l  v a lu e  of t h i s  e a r t h - c u r r e n t  
i s :
1 - r - g - ...s m  h
-J
e
2irr * c 27Tr
cos h .e o
w here : I  i s  th e  b ase  a e r i a l  c u r r e n t  o [ 21 (1 935 )]
r  i s  c / ( h 2 + r  2) .
E q n ( l l
The a b s o lu te  v a lu e  of t h i s  e a r t h  c u r r e n t  i s :
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and thus  s in c e  P . = P. = I 2R i n  a l o s s l e s s  system , rad  m  o r  J
When th e  r a d i a l  d i s t a n c e  r c becomes la rg e  compared to  th e  a e r i a l  
le n g th  h, then  e q u a t io n  (13) reduces  to :
i ' j  ■ / ¥ ■r
i . e . ,  p r o p o r t i o n a l  to  th e  f i e l d  i n t e n s i t y  a t  any g iven  d i s t a n c e ,  e .g .
1 km.
F i g . 12 shows the  a b s o lu te  v a lu e  o f  t o t a l  e a r t h  c u r r e n t  ( | l  | )  
as a f u n c t io n  of d i s t a n c e  from th e  b ase  o f  th e  a e r i a l  f o r  v a r io u s  
le n g th  monopoles. I t  can be seen t h a t  th e  e a r t h  c u r r e n t s  a re  p r a c t i c a l l y  
the  same a t  a d i s t a n c e  f u r t h e r  than  0*3 A from the  a e r i a l  base  i r r e s p e c t i v e  
of a e r i a l  le n g th .  This can be used to  i n d i c a t e  t h a t  f o r  g r e a t e r  e f f e c t  
a m od ified  g roundplane need no t ex tend  beyond 0*3 A, b u t  t h a t  e f f o r t s  
shou ld  be c o n c e n tra te d  c lo se  to  the  a e r i a l  base  where th e  e a r t h  c u r r e n t s  
a re  h ig h e s t .  The e f f e c t s  of a lo s s y  ground w i l l  be i n v e s t i g a t e d  i n  2 . 2 . 4 .
2 .1 .5 ______  A e r ia l  Tuning and Matching
The r e l a t i v e  independence o f  d i s t a n t  f i e l d  i n t e n s i t y  upon a e r i a l  
l e n g th ,  f o r  c o n s ta n t  r a d i a t e d  power, has been dem onstra ted  in  2 . 1 . 3 ; 
however, i f  the  d r iv in g  req u ire m en ts  to  ach ieve  th e s e  r a d i a t e d  power 
le v e l s  a re  examined, we enco u n te r  the  f i r s t  fundam ental l i m i t a t i o n s  of 
e l e c t r i c a l l y  s h o r t  a e r i a l s .
For a A/4 monopole, Zae = 36*4 + jO £2
. \  f o r  1 w a t t  r a d i a t e d  power, I  = 0*165 Ao
V = 6-04 V o
rl -  cos h
s i n  h Eqn(l^
s i n  h
P.m
R 1 + cos h -  2cos o cos
2tt p i  i-y-Lr’ -  r  ] A c c Eqn(l!
BC
THEORETICAL VALUES OF TOTAL EARTH CURRENT
EX R LOSSLESS SYSTEM FOR VARIOUS RERIRL HEIGHTS
2C -
O.lO 0.20
DISTANCE FROM BRSE OF RERIRL [WAVELENGTHS]
0.30 0.40 0.90
F ig u re  12
\\ THEORETICRL VRLUES OF TOTRL ERRTH CURRENT
\\  MONOPOLE IN R LOSSLESS SYSTEM CF=1 TO 30MHZ]
1MHz
3 0MHz
o.io 0.20 0.80 0.10 0.90
DISTANCE FROM BRSE OF RERIRL [WAVELENGTHS]
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However, f o r  a 4m whip a t  1*5 MHz, Z = 0*16 -  j  2650 ft,
.*. f o r  1 w a t t  r a d i a t e d  pow er, 1^ . = 2*5 A,
b u t  s in c e  R and X a r e  i n  s e r i e s ,  th e  b a s e  d r iv in g  v o l t a g e  must b e :
IT 3 0
V = 2*5 x 2650 = 6*625 KV, o
n e c e s s i t a t i n g  an r . f .  s o u rce  cap a b le  o f  p ro v id in g  16*5 KVA o f  r e a c t i v e  
power and 1 w a t t  of r e a l  power.
I t  sh o u ld  be  n o te d  t h a t  an i n f i n i t e s i m a l  a e r i a l ,  w h i l s t  
t h e o r e t i c a l l y  c a p a b le  o f  p ro d u c in g  a d i s t a n t  f i e l d  i n t e n s i t y  s i m i l a r  
to  a  X/4 a e r i a l ,  would r e q u i r e  an  a lm os t i n f i n i t e  r e a c t i v e  power so u rc e  
in  o rd e r  to  r a d i a t e  1 w a t t .
A s o l u t i o n  to  t h i s  problem  i s  to  in t r o d u c e  a c o n ju g a te  r e a c ta n c e  
i n t o  th e  a e r i a l  c i r c u i t ,  th u s  e f f e c t i v e l y  removing th e  r e a c t i v e  component 
and le a v in g  s o l e l y  th e  r a d i a t i o n  r e s i s t a n c e .  I n  a l o s s l e s s  sy s tem , th e  
so u rc e  would now have to  p ro v id e  on ly  0*4 V to  d r iv e  2*5 A th ro u g h  
0*16 ft (1*5 MHz) to  r a d i a t e  1 w a t t .  There a r e ,  how ever, s e v e r a l  
c o n s t r a i n t s  now imposed on th e  system . F i r s t l y ,  th e  a e r i a l  c i r c u i t  
w i l l  e x h i b i t  an ex tre m e ly  h ig h  v a lu e  o f  Q ( -  1 6 ,5 0 0 ) ,  and as a  r e s u l t  
w i l l  s e v e r e ly  l i m i t  th e  bandw idth  o f  o p e r a t io n  ( e .g .  o n ly  0*8 Hz i n  
a l o s s l e s s  system  a t  1*5 MHz). Second ly ,  6*625 KV r . m . s .  w i l l  ap p ea r  on th e  
end o f  th e  tu n in g  r e a c t a n c e .  S in ce  t h i s  r e a c ta n c e  i s  n o rm a lly  p la c e d  
a t  th e  b a s e  o f  th e  a e r i a l ,  such  h ig h  v o l t a g e s  would n e c e s s i t a t e  
e l a b o r a t e  m e ch an ic a l  d e s ig n .
A no ther f a c t o r ,  which i s  u n im p o r ta n t  i n  th e  c o n te x t  o f  a l o s s l e s s  
sy stem  b u t  p o s s i b l y  becomes dominant i n  a r e a l  env ironm en t,  i s  t h a t  r . f .  
t r a n s m i t t e r s  g e n e r a l ly  p o s s e s s  an o u tp u t  impedance i n  th e  v i c i n i t y  o f  
50 ft. Maximum power t r a n s f e r  to  a e r i a l  system s w i th  r e s u l t a n t  r e s i s t i v e  
components d i f f e r e n t  from t h i s  v a lu e  would r e q u i r e  an a d d i t i o n a l  
t r a n s f o r m a t io n  o r  m atch ing  d e v ic e .
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V arious  te c h n iq u e s  may be  used  to  e n su re  maximum power t r a n s f e r  
betw een s o u rc e  and a e r i a l  sy s tem , and f o r  th e  pu rp o se  o f  t h i s  s tu d y  
we s h a l l  ad o p t th e  fo l lo w in g  te rm in o lo g y .  The te rm  " tu n in g "  w i l l  r e f e r  
to  th e  mechanism whereby the  r e a c t i v e  component o f  th e  a e r i a l  impedance 
i s  e f f e c t i v e l y  c a n c e l l e d ,  and "m atch ing" w i l l  r e f e r  to  th e  t r a n s f o r m a t io n  
o f  th e  re m a in in g  r e s i s t i v e  component to  the  so u rce  im pedance.
ATU
R
ae
ae
F ig u re  14
I t  i s  d i f f i c u l t  to  o b ta in  s u f f i c i e n t  co u p lin g  to  p roduce  an 
e f f i c i e n t  m a tch ing  t r a n s fo rm e r  o f  th e  ty p e  shown above when used  a t  HF; 
however th e  c i r c u i t  may be r e c o n f ig u re d  as fo l lo w s :
F ig u re  15
(a). (b) '■* (c)_ p ro v id e  p r o g r e s s i v e l y  g r e a t e r  d eg ree s  o f
c o u p l in g ;  (d) i s  e s p e c i a l l y  s u i t a b l e  s in c e  b o th  tu n in g  and m a tch ing  
can b a  amalgamated i n t o  one n e tw o rk ,  th u s :
F ig u re  16
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This c o n f i g u r a t i o n  i s  i n  common u se  w i th  e l e c t r i c a l l y  s h o r t  a e r i a l s  
[62 (1 977 )] .
2 .1 .6  O p e ra t in g  L im i t a t i o n s  i n  a L o s s le s s  System
The r a d i a t i o n - Q  o f  an  a e r i a l  system  i s  g iven  by : 
Xae
ra d  Rr
6 0 . c o t  h  .o i ° g e <|> -  i
10.h 2 o r
( f o r  h < A /10)
Whereas th e  v a lu e  o f  Qracj i s  low a t  f r e q u e n c ie s  ap p ro ach in g  
A /4 , a t  lower f r e q u e n c ie s  i t  i n c r e a s e s  d r a m a t ic a l ly  ( s e e  f i g . 17) , 
and i n  a l o s s l e s s  system  becomes th e  l i m i t i n g  f a c t o r  b e c a u se  i t  
r e d u c e s  th e  u s e f u l  bandw idth  o f  th e  system  below t h a t  r e q u i r e d  
f o r  th e  b a s i c  in fo rm a t io n  r a t e .
2Ll L6 L2  OPERATING^
The o p e ra t in g -Q  i s  th e  r a t i o  o f  th e  o p e r a t in g  f re q u e n c y  to  th e  
r e q u i r e d  o p e r a t in g  bandw idth  (bandw idth  d e f in e d  to  th e  -  3 dB ).
Qop = Af
The o p e r a t in g  bandw idth  (Af) may be chosen e i t h e r  to  a l lo w  
s u f f i c i e n t  bandw idth  f o r  in fo rm a t io n  t r a n s m is s io n  o r  more u s u a l l y  
by e s t a b l i s h i n g  l i m i t s  o f  v . s . w . r .  o u t s id e  which th e  power l e v e l  
would drop u n a c c e p ta b ly  o r  th e  t r a n s m i t t e r  would be  damaged by 
s e v e re  m ism atch.
E qn(lf
Eqn(16
I n  a l o s s l e s s  s y s t e m , th e  o p e r a t in g  -  Q = Qr a ^ and. hence th e  
maximum o p e r a t in g  bandw idth  Af may be e x p re s s e d  as fo l lo w s :
HOC
RADIATION 0 VERSUS FREQUENCY 
4 M WHIP IN A LOSSLESS SYSTEM100C
900
BOO
7 00
eoo
500
300
200
100
FREQUENCY CMHZ3
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MAX OPERRTING BRNDWIDTH VERSUS FREQENCY 
4 M WHIP IN R LOSSLESS SYSTEM /
6 0
FREQUENCY CMHZ3
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The maximum o p e r a t in g  bandw idth  i s  g iv en  by: 
f . h  2 . t a n  h
Af = - r ■ °  , --------—y  (MHz) E qn(l‘K<£> -1}
O p e ra t in g  bandw id th  p l o t t e d  a g a i n s t  f req u en cy  f o r  a 4 m e tre  whip 
i s  shown i n  f i g .  18.
The fu n d am en ta l  l i m i t a t i o n  on perfo rm ance  o f  a  s h o r t  a e r i a l  i n  
a l o s s l e s s  system  imposed by th e  o p e ra t in g -Q  may be  d em o n s tra ted  
by th e  fo l lo w in g  example:
Whip le n g th  (h) = 4*0 m e tres  
Whip r a d iu s  ( r )  = 0*01 m e tre
The o p e r a t in g  bandw idth  f o r  an SSB v o ic e  l i n k  (Af) = 3  KHz; hence  from 
e q u a t io n  (17) th e  lo w es t  f req u en cy  i n  a l o s s l e s s  sy stem  where 
th e  r a d i a t i o n - Q  a llow s an o p e r a t in g  bandw idth  o f  3 KHz i s :
f  = 3 * 7  MHz me
T his  f re q u e n c y  ( f  >e ) r e p r e s e n t s  th e  lo w es t  f re q u e n c y  i n  a  
l o s s l e s s  sy stem  i n  which a l l  th e  power d e l i v e r e d  by th e  s o u rc e  
i s  r a d i a t e d  by th e  a e r i a l  and c o n t r i b u t e s  t o  th e  d i s t a n t  f i e l d  
i n t e n s i t y  w h i l s t  a l lo w in g  f u l l  communications ( o p e r a t in g )  band­
w id th ,  and below which th e  system  i s  o p e r a t in g  bandw id th  l i m i t e d .
The o p e r a t in g  bandw idth  can o n ly  be r e s t o r e d  below f  . by a
m e  J
d e l i b e r a t e  r e d u c t io n  i n  th e  Q o f th e  a e r i a l  c i r c u i t  i n e v i t a b l y  
accompanied by a c o r re s p o n d in g  r e d u c t io n  i n  th e  d i s t a n t  f i e l d  
i n t e n s i t y .
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Table  1 i l l u s t r a t e s  the  fundam ental l i m i t a t i o n s  on th e  maximum 
communications e f f i c i e n c y  as a f u n c t io n  of frequency  below t h i s
frequency  ( f  ) .me '
FUNDAMENTAL LIMITATIONS OF ELECTRICALLY SHORT AERIALS 
MAXIMUM COMMUNICATIONS EFFICIENCY 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
LENGTH OF WHIP: A..C METRES OPERATING BANDWIDTH: 10 KHZ
INPUT PQUER CWATTS3: 1 .0 ran  g e C KM 3 : 1
FREQ’JEN CY MAX EFFY RLQSS* FIELD IN
CMHZ3 C PERCENT! I OHMS 0 CMV/M3
1 . C 0 . 9 3 6 . 9 0 C. A1
1. 1 1 . 2 3 1 . 0 1 0 . 5 0
1 . 2 1 . 0 2 6 .  A5 C. 59
1 * 3 2 . 0 2 2 . 8 3 0 . 6 8
1 .  A 2 . 6 1 9 . 9 0 0 . 7 9
1 . 5 3 . 3 1 7 . 5 1 0 . 9 0
1 . 6 A • 0 1 5 . 5 1 1 . 02
1 . 7 5 . 0 1 3 . 8 A 1 . 1 5
1 . 6 6 .  1 1 2 .  A1 1 . 2 9
1 . 9 7 . 3 1 1 . 1 9 1 . A3
2 . 0 8 . 7 1 0 . 1 3 1 . 58
2 .  1 1C. 3 9 . 2 0 1 . 7A
2 . 2 1 2 . 1 8 . 3 8 ■ 1 . 9 2
2 . 3 1 A . 2 7 . 6 6 2 . 1 0
2 .  A 1 6 . 5 7 .  02 2 . 2 8
2 . 5 1 9 . 0 6 . AA 2 .  A9
2 * o 2 1 . 9 5 . 9 2 2 . 7 0
2 . 7 2 5 . 0 5 • AA 2 . 9 2
2 *6 2 8 . 5 5 . 0  1 3 . 1 6
2*9 3 2 . 3 A. 62 3 .  A1
3 .  C 3 6 . 5 A . 2 5 3 . 6 7
3.  1 A 1 . 0 3 . 9 2 3 . 9 6
3 * 2 A6 . C 3 . 6 1 A . 26
3*3 5 1 .  A 3 . 3 2 A. 58
3 .  A 57 . 3 3 . 0 a A. 9 3
3 • 5 6 3 .  7 2 .  79 5 . 3 1
3»o 70 . 5 2 . 5 5 5 . 7 1
3 . 7 7 8 .  0 2 . 3 2 6 . 1 5
3 .  8 8 6 .  0 2 .  1 C 6 . 6 A
3 . 9 9 A. 6 1 . 9 0 7 . 1 8
A.C MAXIMUM EF FI CI ENCI ES  uF 100 PERCENT POSSIBLE
AT HIGHER FREQUENCIES WITH THI S OPERATING BANDWIDTH
>sRLOSS i s  the  n e c e ssa ry  lo s s  r e s i s t a n c e  r e q u i r e d  to  m a in ta in  bandw id th , 
see 2 . 2 . 7
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The above a n a l y s i s  o f  r a d i a t i o n  and o p e ra t in g -Q  h as  d em o n s tra ted  
th e  fundam en ta l l i m i t a t i o n s  o f  an i d e a l ,  l o s s l e s s  a e r i a l  system  i n  
term s o f  th e  o p e r a t in g  ban d w id th ,  h e ig h t  and d ia m e te r  o f  th e  
a e r i a l  and th e  o p e r a t in g  f re q u e n c y .  With th e  s im p le  model e a r l i e r  
d e s c r ib e d  and t h i s  a n a l y s i s  i n  m ind , we s h a l l  now c o n s id e r  system s 
more r e l e v a n t  to  a f i e l d  en v iro n m en t,  i n  which lo s s  mechanisms 
a r e  p r e s e n t .
2 .2  SIMPLE THEORETICAL MODEL AND PERFORMANCE LIMITATIONS IN A 
LOSSY ENVIRONMENT
Loss mechanisms a r e  i n e v i t a b l y  p r e s e n t  i n  a f i e l d  env ironm ent 
and i t  i s  t h e r e f o r e  n e c e s s a ry  to  examine th e  e f f e c t s  o f  t h e s e  l o s s e s  
on th e  l i m i t a t i o n s  o f  t h e o r e t i c a l  perfo rm ance  o f  th e  a e r i a l  sy s tem .
2 . 2 .1  Simple A e r i a l  Model
C onsider  now a s h o r t  v e r t i c a l  monopole mounted normal to  a
homogeneous, lo s s y  h a l f - s p a c e ,  th u s :
<• whip
A  ^  " V W X X X X W W X  ^
lo s s y  ground
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This may be represented  by the fo llo w in g  model:
ae
ae
"BI
F ig u re  20
or
RJ L Cd ae ae
)------------------- --------- /jyvy............ T T *-■ ■ gg ...|
CBI = ! \
R
g
)-------------------- ----------AVW--------------------------------------
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where: R^ i s  th e  s t r u c t u r a l  ohmic lo s s  r e s i s t a n c e  (ft)
Rg .^ i s  th e  shun t base  i n s u l a t o r  r e s i s t a n c e  (ft) 
Cgj i s  th e  shun t b ase  i n s u l a t o r  c a p a c i ta n c e  (F) 
R i s  the  e f f e c t i v e  ground r e s i s t a n c e ,  (ft)
The v a r io u s  c o n t r i b u to r y  lo s s  mechanisms w i l l  now be 
examined in  d e t a i l .
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2 . 2 . 2 S t r u c t u r a l  Ohmic Loss
F i r s t l y ,  th e  ohmic r e s i s t a n c e  of the  a e r i a l  m a t e r i a l  i t s e l f  
(R^) c o n t r i b u te s  to  th e  o v e r a l l  lo s s  component. As i s  w e l l  known, 
th e  r . f .  c u r r e n t s  a re  con f in ed  to  th e  s k in  dep th  ( 6) g iven  by:
th u s ,  a t  1*5 MHz the  depth  of p e n e t r a t i o n  can be seen  to  be ap p ro x im a te ly  
0*054 mm.
I t  should  be n o ted  t h a t ,  a l th o u g h  the  ohmic lo s s  c o n t r ib u te d  by 
a copper whip i s  p ro b ab ly  n e g l i g i b l e ,  shou ld  a s t e e l  whip be used  f o r  
i t s  more d e s i r a b l e  m echan ical p r o p e r t i e s  then  i t  shou ld  be copper p l a t e d  
to  a th ic k n e s s  o f  about 0*075 mm. The j o i n t s  should  be k e p t  c le a n  and 
in  good c o n ta c t  to  m inim ise c o n ta c t  r e s i s t a n c e  and r e c t i f i c a t i o n ,  and 
hence lo s s e s  and harmonic r a d i a t i o n .
6 1 Eqn(19'I* »
w hich , f o r  a good co n d u c to r ,  reduces  to :
6 Eqn(20
and as a t y p i c a l  example, f o r  annea led  copper:
6 6*6 x io  6 (m etres)
f t
w h ere : f  i s  frequency  i n  MHz.;
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2 .2 .3  Base I n s u l a t o r  L o sses
The i n s u l a t o r  lo c a te d  a t  th e  fe e d  p o i n t  a t  th e  b a s e  o f  th e  a e r i a l  
w i l l  c o n t r i b u t e  a  sh u n t  r e a c ta n c e  and lo s s  r e s i s t a n c e  a c ro s s  th e  a e r i a l  
in p u t  im pedance. I n  m ost s i t u a t i o n s ,  th e  e f f e c t  o f  th e s e  components 
i s  so  sm a l l  as to  be n e g l i g i b l e ;  how ever, c a re  must be e x e r c i s e d  i n  th e  
d e s ig n  o f  th e  b a s e  i n s u l a t o r  to  m in im ise  th e  sh u n t c a p a c i t a n c e  and 
to  e n s u re  t h a t  i t  w i l l  s t a n d  th e  h ig h  r . f .  v o l t a g e s  e x p e r ie n c e d  in  
s h o r t  a e r i a l  sy s tem s .
D uring f i e l d  o p e r a t i o n ,  i t  i s  im p o r ta n t  t h a t  t h i s  i n s u l a t o r  be 
k e p t  c l e a n ,  d ry  and u n o b s t ru c te d  i n  o rd e r  f o r  th e  sh u n t component 
e f f e c t  t o  rem ain  n e g l i g i b l e .
I f  th e  a e r i a l  i n p u t  c i r c u i t  i s  sh u n ted  by a lo s s y  b ase  i n s u l a t o r ,  
th e  e x p r e s s io n  f o r  th e  in p u t  b a s e  impedance (Z^n ) i s  m o d if ie d  to :
Z -  ' R. . s - V  ~ ] [2 5  (1 9 1 7 ) ]
* V ’ * * « •
In  p r a c t i c e ,  th e  b a s e  i n s u l a t o r  r e s i s t a n c e  (Rgj) i s  v e ry  much g r e a t e r
th a n  th e  a e r i a l  r e s i s t a n c e  (R ) and th e  a e r i a l  r e a c ta n c e  (X ) ,  andae ae
th e  e x p r e s s io n  can be  s i m p l i f i e d  t o :
(R 2 + X z )
Zi n  *  aCRB7  ~ - C-  + Rae -  j  Xae (fl) E(in <22>
(R__2 + X _ 2)3-0 30 • *w here :  r ----------— i s  th e  e f f e c t i v e  s e r i e s  b a s e  lo s s  r e s i s t a n c e .
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2 .2 .4 Ground R eturn  Losses
As d e s c r ib e d  i n  2 . 1 .4 ,  e a r t h  c u r r e n t s  a re  s e t  up when d isp lacem en t 
c u r r e n t s  leave  th e  a e r i a l ,  flow  through sp a c e ,  and f i n a l l y  flow i n t o  
th e  e a r t h  where they  become conduc t ion  c u r r e n t s .  The s k in  e f f e c t  
tends to  con fine  the  r e t u r n  e a r th  c u r r e n t s  to  a l a y e r  c lo s e  to  the  
s u r f a c e .
A p la n e  e le c t ro m a g n e t ic  wave e n t e r in g  a homogeneous e a r t h  a t  
v e r t i c a l  in c id e n c e  p ro p ag a te s  v e r t i c a l l y  downward w i th in  th e  e a r t h ,  
w ith  a p ro p a g a t io n  c o n s ta n t  (Y ) g iven  by:
Ye /jojy (a + jW£ ) = a  + j3  [63 (1968)] Eqn(23)e e e e e
and hence the  i n t r i n s i c  impedance of th e  e a r t h  (ri ) i s :
Eqn(24)
The r e a l  p a r t  o f  th e  p ro p a g a t io n  c o n s ta n t ,  a  , i s :e
Eqn(25)
e
b u t  s in c e  s k in  depth  (6 ) = —  , th e  g e n e ra l  e x p re s s io n  f o r  th e  dep th
_ . eof p e n e t r a t i o n  becomes:
6 1 1 Eqn(26)e a e
e
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w hich , f o r  a good co n d u c to r ,  may be reduced  to
6 -  A -  / A ~ .a v wya
(Note: the  e a r t h  may n o t  g e n e r a l ly  be c o n s id e re d  a good conduc to r  a t  
f r e q u e n c ie s  above a few hundred KHz).
y^ may g e n e r a l ly  be taken  equa l to  yQ ( f r e e  space) u n le s s  the  
s i t e  e x h i b i t s  marked m agnetic  p r o p e r t i e s .  The e f f e c t s  o f  f r e q u e n c y ,  
and on p e n e t r a t i o n  dep th  a re  i l l u s t r a t e d  i n  f i g s .  22 and 23.
In  2 . 1 .4 ,  the  a b s o lu te  v a lu e  o f  th e  e a r t h  c u r r e n t  i n  a l o s s l e s s  
ground was g iven  as ( e q n (1 3 ) ) :
X I = —7_1------/  —i l l
r ‘ s m  h /  R 1 + cos h -  2 cos h .cosK-t- ( r f - ro o ( A c
C ons ider ing  th e  lo s s  mechanisms and e q u iv a le n t  c i r c u i t  o f  2 . 2 . 1 ,  
and assuming th e  ground lo s s  does no t a p p re c ia b ly  a l t e r  th e  o v e r a l l  
c u r r e n t  d i s t r i b u t i o n ,  then  th e  a b s o lu te  v a lu e  of th e  t o t a l  e a r t h  c u r r e n t  
i n  a lo s sy  ground can be deduced to  be :
P.m
TE I s i n  h /  (R +R ) o r  g
1+ c o s 2hQ- 2cos hQ.cos-|-^-(r^
The e a r th  c u r r e n t  d i s t r i b u t i o n  as a f u n c t io n  of  r a d i a l  d i s t a n c e  
from the  base  o f  a 4 m e tre  monopole i s  p l o t t e d  in  f i g .  24 f o r  v a r io u s  
v a lu e s  o f  e f f e c t i v e  ground lo s s  r e s i s t a n c e  (R ) .
Eqn(27
Eqn(28
Eqn(2!
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. 8
THEORETICAL VALUES OF TOTAL EARTH CURRENT
IN A LOSSY SYSTEM FOR VARIOUS AERIAL HEIGHTS
. 2
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The d i s t a n t  f i e l d  i n t e n s i t y  i s  a l s o  m od if ied  by th e  f i n i t e  
c o n d u c t iv i ty  of th e  e a r t h  when compared to  t h a t  of th e  l o s s l e s s  
system  d is c u s s e d  in  2 .1 .3 .  The f i e l d  i n t e n s i t y  over a lo s s y  e a r t h  i s  
g iv en  by:
assuming th e  c u r r e n t  d i s t r i b u t i o n  to  rem ain  u n a l t e r e d  when compared 
to  th e  l o s s l e s s  system .
An example i s  shown i n  f i g .  25 where th e  groundwave f i e l d  i n t e n s i t y  
a t  1 km from an a e r i a l  system  w ith  20 SI ground lo s s  i s  compared to  th e  
i d e a l  ca se .  The f i e l d  i n t e n s i t y  d i s t r i b u t i o n  i s  now m o d if ied  by a 
f a c t o r  o f :
and i t  may be seen  t h a t  as th e  e l e c t r i c a l  le n g th  of th e  a e r i a l
approaches A/4, th e  e f f e c t  of th e  ground c o n s ta n ts  d im in ish es  d r a m a t i c a l l y ,
i l l u s t r a t e s  th e  r e l a t i v e  independence of a A/4 a e r i a l  on ground c o n d i t i o n s .
As an EM wave t r a v e l s  ou t over a lo s sy  h a l f - s p a c e  i t  p ro p a g a te s  
to  a c e r t a i n  depth  (6 ) in to  the  ground, i . e .  th e  E - f i e l d  normal to  th e  
s u r f a c e  p ro p ag a te s  downward, r e s u l t i n g  in  a " fo rw ard  t i l t "  to  th e  v e r t i c a l  
w av e f ro n t .  This phenomenon can be employed to  de te rm ine  th e  e f f e c t i v e  
ground c o n s ta n t s .
Eqn(30
or f o r  th e  s u r f a c e  groundwave (6 = 9 0 ° ) :
Eqn(31
9
r
i n  sharp  c o n t r a s t  to  the  case when h < 0*1 A where R i s  dom inant. ThisO
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2 .2 .5 A e r i a l  Tuning arid M atching U n i t  Losses
E f f i c i e n t  o p e r a t i o n  o f  an  e l e c t r i c a l l y  s h o r t  a e r i a l  can on ly  
be ac h ie v e d  when th e  a e r i a l  has  been  f i r s t  tuned  and th e n  matched 
to  th e  so u rc e  impedance as  d e s c r i b e d ' i n  2 . 1 . 5 .  The ne tw ork  most 
commonly used  i s  th e  L-m atch:
The v a r i a b l e  in d u c to r  (L^) i s  a c t i v e  i n  b o th  tu n in g  and m atch ing  
th e  a e r i a l  to  th e  so u rc e  and , s i n c e  i t  i s  p ro b a b le  t h a t  th e  a e r i a l  
system  w i l l  be  r e q u i r e d  to  o p e r a t e  on more th a n  one s p e c i f i c  f r e q u e n c y ,  
th e  v a lu e  o f  in d u c ta n c e  r e q u i r e d  w i l l  v a r y .  I t  i s  t h e r e f o r e  norm al 
to  employ a v a r i a b l e - t a p  in d u c to r  lo c a te d  a t  th e  b a s e  o f  th e  whip 
a e r i a l .
Whereas th e  lo s s e s  i n  th e  tu n in g  c a p a c i t o r  may f o r  a l l  i n t e n t s  
be c o n s id e re d  n e g l i g i b l e ,  t h i s  i s  c e r t a i n l y  n o t  t r u e  o f  th e  i n d u c to r .
An enormous amount o f  e f f o r t  has  been  s p e n t  on A.T.U. d e s ig n  concen­
t r a t i n g  m a in ly  on a t te m p ts  to  m a in ta in  as  h ig h  a Q as  p o s s i b l e ,  b u t  a l s o  
on th e  m e ch an ic a l  problem s a s s o c i a t e d  w ith  th e  v e ry  h ig h  r . f .  v o l t a g e s  
e x p e r ie n c e d  a t  th e  A.T.U. o u tp u t  t e rm in a l .  As th e  o p e r a t in g  f re q u e n c y  
i s  r e d u c e d ,  so th e  c a p a c i t i v e  r e a c ta n c e  o f  th e  a e r i a l  i n c r e a s e s ,  
n e c e s s i t a t i n g  an in c r e a s e d  in d u c ta n c e  to  tu n e  i t  w i th  a c o r re sp o n d in g  
in c r e a s e  i n  th e  ohmic r e s i s t a n c e  o f  th e  c o i l .
E l a b o r a te  m e ch an ic a l  d e s ig n s ,  u s in g  m e ta l  ta p e  wound on and o f f  
a  drum f o r  exam ple, have  succeeded  i n  m in im is in g  th e  c o i l . l o s s e s  and 
s p u r io u s  re so n a n c e  e f f e c t s ;  how ever, once th e  A.T.U. c o i l  i s  housed  
i n  a m e ta l  box th e  w a l l s  o f  th e  box red u ce  th e  Q f u r t h e r  by i n t r o d u c in g  
lo s s e s  caused  by c i r c u l a t i n g  eddy c u r r e n t s .
L
0
O
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C onsider as an example th e  M.E.L. LARKSPUR A.T.U. No. 7, 
which e x h i b i t s  a Q of ap p rox im ate ly  200 when cased . For th e  purposes  
of t h i s  d i s c u s s io n ,  assume t h a t  the  Q i s  independen t of f req u en cy ,  
th e  A.T.U. may be r e p re s e n te d  by:
o — % ------ o
F ig u re  28
The lo s s  mechanisms may be co n s id e re d  to  a c t  i n  s e r i e s  w ith  the  
a e r i a l  in p u t  impedance and ground lo s s  r e s i s t a n c e  as shown i n  2 . 2 . 2 , 
(eq n (22 ) ) ,  i . e . :
R
({Rr + Rg}2 + X 2 ) ae
ae (R + R ) . r  g7
At 1*5 MHz, th e  in d u c t iv e  r e a c ta n c e  r e q u i r e d  to  tune a 4 m a e r i a l  w i l l  
be about + j  2650 £2 w hich, w ith  an A.T.U. Q of 200, w i l l  in t ro d u c e  
13*25 £2 lo s s  r e s i s t a n c e  in t o  th e  c i r c u i t .  This lo s s  r e s i s t a n c e  in  
many cases  may be as g r e a t  or g r e a t e r  than  the  ground lo s s  r e s i s t a n c e  
and hence i t  i s  obv io u s ly  d e s i r a b l e  to  m inim ise i t .
For a c o n s ta n t  in p u t  power to  th e  a e r i a l  system , th e  d i s t a n t  
f i e l d  i n t e n s i t y  w i l l  be f u r t h e r  reduced  by t h i s  a d d i t i o n a l  l o s s ,  and 
the  shape of th e  f a r  f i e l d  r a d i a t i o n  p a t t e r n  w i l l  a g a in  be s i m i l a r  
to  t h a t  of the  l o s s l e s s  system ; however, th e  am p litude  w i l l  be 
reduced by a f a c t o r  o f  ( f i g .  26):
Eqn(3
/  (Rr  + Rg * V
'  R
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I t  sh o u ld  be  n o te d  t h a t ,  fssum ing A.T.U .-Q  c o n s t a n t  w ith  
f r e q u e n c y ,  w i l l  re d u c e  w i th  i n c r e a s in g  f r e q u e n c y  a c c o rd in g  to  
th e  fo l lo w in g  r e l a t i o n s h i p :
6 0 .  c o t (  2 2 _ f _ h _ ) f s. h  'v
C o n s id e ra b le  a e r i a l  c u r r e n t  may f low  th ro u g h  R^ and as th e  
o p e r a t in g  f re q u e n c y  i s  re d u c e d ,  w i th  a c o r re sp o n d in g  i n c r e a s e  i n  
R^, th e  power d i s s i p a t e d  i n  th e  A.T.U. may become e x c e s s iv e  -  
e s p e c i a l l y  i f  th e  A.T.U. i s  en ca se d .
The power d i s s i p a t e d  i n  th e  ATU c o i l  i s :
P. .Rr m  L
L <Rr + W
For exam ple, c o n s id e r  a t y p i c a l  lo s s y  a e r i a l  sy s tem  o p e r a t in g  a t  
1*5 MHz:
w here : h  = 4 m e tres
Qt = 200
r  = 0*01 m e tre
R = 0*16 Q r
R ; r* 15 Q 
g
Xae = \  ^ 2650 '
P . = 100 w.cw. m
, ,  D • -  ■ 2650 XL - othen: V " -200 = 07 13*5 a
, . _ ■ 100.13*5 ,and . .  PT ~7X" 1- i —;—■ .. = 47*1 yL (0*16 + 15 + 13*5)
Eqn(33
Eqn (3
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i . e . ,  power d i s s i p a t e d  i n  th e  ATU in d u c to r  = 47% of 47 w i s  a
c o n s id e r a b le  power to  d i s s i p a t e  i n  a sm a l l  en c lo se d  s p a c e ,  and could  
le a d  to  o v e rh e a t in g  r e s u l t i n g  i n  a  f u r t h e r  r e d u c t io n  o f  th e  ATU-Q and 
p o s s i b l e  damage to  s u r ro u n d in g  components u n le s s  s u i t a b l e  p r e c a u t io n s  
a re  ta k e n .
The r . f .  v o l t a g e  w hich ap p ea rs  a c ro s s  th e  o u tp u t  t e rm in a l s  of 
th e  ATU i s :
I n  th e  example above, th e  ATU te rm in a l  v o l t a g e  would r e a c h :
VT -  7 KV peak  ( r . f . )
N ote: A f e e d - th ro u g h  i n  armour exceed ing  j "  d ia m e te r  n e c e s s i t a t e s  a
b u l l e t  t r a p .  The maximum r . f .  v o l t a g e  r a t i n g  f o r  a  d ia m e te r  
f e e d - th ro u g h  i s  5 KV.
2 .2 .6  SyStem-Q
A lo s s y  a e r i a l  system  may b e  c o n s id e re d  to  e x h i b i t  a  system-Q 
d e f in e d  b y :
r X
0 = -  R *ae
where R i s  th e  t o t a l  r e s i s t i v e  component o f  th e  a e r i a l  s y s tem , so ae
t h a t :
Eqn(-
Eqn(3
Eqn(3
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Q
Xae
S (Rr + R +
S
f  \Vi
- 1)
Qc
60 . c o t  h ( lo g  o e
<S (Rr  + Rg + + Rb j )
and hence  th e  o p e r a t in g  bandw id th  i s :
f ; ( R r  + R + ^  + 1 ^ )
Eqn(38,
Af =
o r ,  Af . =
6 0 . c o t  h  ( lo g  o e -  1)
f ‘ (Rr  + R g + V . f
6 0 . c o t  h ( lo g  o e -  1)
Eqn(39'
T h is  e x p re s s io n  f o r  o p e r a t in g  bandw idth  i s  e v a lu a te d  f o r  t y p i c a l  v a lu e s  
o f  (R * Rg-j-) a s a f u n c t i o n  o f  f re q u e n c y  f o r  v a r io u s  v a lu e s  o f  i n  
f i g .  29.
2 . 2 .7  Fundam ental O p e ra t io n a l  L im i ta t io n s
The p re c e d in g  a n a l y s i s  can now be used  to  e v a lu a te  th e  fu n d am e n ta l  
l i m i t a t i o n s  on communications e f f i c i e n c y  and to  h i g h l i g h t  p o s s i b l e  
a re a s  f o r  improvement.
An e x p r e s s io n  f o r  system-Q h as  been  o b ta in e d  from which th e
o p e r a t i n g  bandw idth  can be c a l c u l a t e d .  A minimum o p e r a t i n g
bandw id th  (Af . ) can be d e f in e d  f o r  a system  i n  terms o f  r e l a t i v e  mm
am p litu d e  ( -  3 dB) o r  extrem e v . s . w . r .  ( 6 : 1 ) ,  f o r  a p a r t i c u l a r  
a p p l i c a t i o n .  Maximum communications e f f i c i e n c y  o f  th e  system  i s  
a c h iev ed  when t h e  system-Q i s  e q u a l  to  th e  maximum p e r m i s s i b l e  
o p e ra t in g -Q ,  i e :
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Qs Qop(max) A f (min)
6 0 . c o t  h ( lo g  o e l - i )
"  A f (mi„) (Rr  + Rg + RL + V
and hence th e  c o n d i t io n  f o r  maximum communications e f f i c i e n c y  can be 
e x p re s se d  i n  term s o f  R^, R^ and th u s :
(Rg + “ l  + V
A f / . . . 6 0 . c o t  h ( lo g  (min) o e
The maximum e f f i c i e n c y  o b ta in a b le  a t  any f req u en cy  up to
-  n ^o r  a g iven  o p e r a t in g  bandw idth  i s :
-  “ r a d '
P , f .R
n . = =  E----------------------- io o  %max P . r, a
A f . . . . 6 0 . c o t  h ( lo g  — -  1)(min) o °e r  I
The fundam en ta l l i m i t a t i o n  o f  maximum e f f i c i e n c i e s  and th e  c o r r e s ­
ponding  maximum r a d i a t e d  f i e l d  i n t e n s i t y  a t  1 km f o r  P^n = 1 ;W f o r ; a. 
s ta n d a rd  4 m whip w i t h ’ a minimum o p e r a t i o n a l  bandw idth  of 3 KHz'have 
been, shown as a f u n c t i o n  of f req u en cy  i n  t a b l e  1 . (Page 57)* .
2 .3  PROBABLE LINES OF PROMISING INVESTIGATION
The a n a ly s e s  o f  2 .1  and 2 .2  have d em o n s tra ted  th e  fundam en ta l  
l i m i t a t i o n s  on th e  maximum communications e f f i c i e n c y  o f  a  s h o r t  whip 
a e r i a l  above a ground system  and have h i g h l i g h t e d  f a c t o r s  w hich r e s t r i c t  
th e  e f f i c i e n c i e s  o b ta in e d  in  p r a c t i c e  to  below th e se  maxima.
Eqn(40
Eqn(41
Eqn(42
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2 .3 .1  A e r i a l  S t r u c t u r e  M o d if ic a t io n s
The f a c t o r s  w hich have th e  g r e a t e s t  e f f e c t  on th e s e  fundam en ta l 
l i m i t a t i o n s  a r e  th e  r a d i a t i o n  r e s i s t a n c e  and r e a c ta n c e  o f  th e  a e r i a l ,  
th e s e  two p a ra m e te rs  b e in g  dependen t on th e  e f f e c t i v e  le n g th  o f  th e  
a e r i a l  and th e  c u r r e n t  d i s t r i b u t i o n  th e re o n .  I t  would t h e r e f o r e  
appea r  w o r th w h ile  to  i n v e s t i g a t e  any methods whereby th e  e f f e c t i v e  
h e i g h t  a n d /o r  c u r r e n t  d i s t r i b u t i o n  on th e  a e r i a l  m ight be  m o d if ie d  to  
a d v an tag e .
2 . 3 . 1 . 1 ______ CAPACITY_TOPI CAP
The e f f e c t  o f  a c a p a c i ty  to p -ca p  i s  to  i n c r e a s e  th e  c a p a c i t a n c e  
of th e  a e r i a l  to  f r e e  s p a c e ,  thus  re d u c in g  th e  s e r i e s  r e a c ta n c e  
and hence  th e  amount o f  in d u c ta n c e  r e q u i r e d  to  a c h ie v e  re s o n a n c e .  
The c u r r e n t  d i s t r i b u t i o n  and r a d i a t i o n  r e s i s t a n c e  a r e  a l s o  
m o d i f ie d ,  th e  l a t t e r  i n c r e a s i n g  and th e  form er becoming more 
n e a r l y  c o n s ta n t  w i th  h e i g h t  and th u s  r a i s i n g  th e  e f f e c t i v e  h e i g h t
o f  th e  a e r i a l .
'C u r r e n t  
\ d i s t r i b u t i o nTop cap
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The r a d i a t i o n  r e s i s t a n c e ,  m o d if ie d  by th e  p re s e n c e  o f  th e  t o p - c a p ,  
i s :
-30  Ci(2oQ -  ' s i n . 2 (ct * 3) ( 3 0 . S i(2 a )  -  15 S i (4 a )
sin2 Cot * (3)
cos 2 ( a + 3) (30 C i(2a )  -  15 C i(4a )  -  s i n 23 ( 3 0 ( l  -
s i n 2 (a  + 3 )
RrTC
[25 (1 9 4 7  ) ] Eqn(43
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w hich re d u c e s  to :
R = ' 40(cos a  -  cos 3 ) 2 f o r  \  < { . Eqn(44
and th e  m o d if ied  r e a c ta n c e  i s  g iv e n  by:
3 = a r c t a n  (ZQ.a).C). Eqn(4-
The b u lk  o f  th e  to p -ca p  may be  reduced  by r e p l a c in g  th e  d i s c  
w i th  r a d i a l  spokes ; how ever, even i n  t h i s  form , i t  i s  s t i l l  
consp icuous  i n  a t a c t i c a l  env ironm ent and r a t h e r  unw ieldy  f o r  
m obile  a p p l i c a t i o n s .
______ INDUCTIVE LOADING
A s h o r t  r e a c t i v e  whip may be  b ro u g h t  to  re so n an ce  by in t r o d u c in g  
a le a d in g  c o i l  a t  some d i s t a n c e  a lo n g  th e  w hip , th u s :
lo a d in g
c o i l
c u r r e n t
d i s t r i b u t i o n
F ig u re  31
The i n c l u s i o n  o f  th e  c o i l  a lo n g  th e  whip m o d if ie s  th e  c u r r e n t  
d i s t r i b u t i o n ,  k eep in g  i t  n e a r l y  c o n s ta n t  from th e  b a s e  to  the 
c o i l  and th e n  cau s in g  i t  to  decay i n  a l i n e a r  manner t h e r e a f t e r  
to  th e  end o f  th e  whip. S in ce  th e  r a d i a t i o n  r e s i s t a n c e  v a r i e s  
as th e  c u r r e n t  moment s q u a re d ,  i t  i s  c l e a r  t h a t  i n d u c t iv e  lo a d in g  
w i l l  improve th e  perform ance  o f  a  s h o r t  monopdle. There i s  a 
v a l u e  o f  lo a d in g  in d u c ta n c e  which a l low s th e  c u r r e n t  to  ap p ro x im a te  
to  a c o n s ta n t  v a lu e  o u t  to  ^ h  w i th  a l i n e a r  decay t h e r e a f t e r ;
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how ever, t h i s  v a lu e  o f  in d u c ta n c e  i s  i n s u f f i c i e n t  to  p roduce  an 
in p u t  impedance re s o n a n c e .  The v a lu e  o f  lo a d in g  in d u c ta n c e  
n e c e s s a ry  to  p ro v id e  re so n a n c e  g iv e s  r i s e  to  a  m odest c u r r e n t  
peak  j u s t  beyond | h  so  t h a t  th e  c u r r e n t  moment i s  f u r t h e r  
in c r e a s e d  o ver  t h a t  e x p ec ted  from a  c o n s ta n t  c u r r e n t  model.
lo a d in g
c o i l
152 (1975)3
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The r a d i a t i o n  r e s i s t a n c e  improvement f a c t o r  <j> has  been 
d e r iv e d  e m p i r i c a l ly  £52 (1975)3:
■ {
1 - h/A
I ° ‘ 25J
The maximum r a d i a t i o n  r e s i s t a n c e  improvement ($max) can >^e 
d e r iv e d  as fo l lo w s :
Eqn(46
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With an i n f i n i t e  in d u c ta n c e  a t  th e  end o f  th e  w h ip ,  the  c u r r e n t  
would be c o n s ta n t  a lo n g  th e  e n t i r e  l e n g th ,  and hence  th e  c u r r e n t
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  4> can ,  f o r  s h o r t  a e r i a l s ,  be  l a r g e r  
th a n  4 ( th e  v a lu e  o b ta in e d  w i th  u n ifo rm  a e r i a l  c u r r e n t )  due to  
th e  c u r r e n t  p eak in g  around th e  lo ad  p o in t  as  p r e v io u s l y  m en tioned .
However, as th e  lo a d  p o i n t  i s  moved tow ards th e  end of th e  w h ip ,  
th e  lo a d in g  r e a c ta n c e  must i n c r e a s e  to  m a in ta in  re s o n a n c e ,  
u l t i m a t e l y  becoming i n f i n i t e  a t  th e  end . The lo a d in g  r e a c ta n c e  
may b e  c o n s id e re d  as  h av in g  to  p ro v id e  a c o n ju g a te  match to  th e  
r a d i a t i o n  impedance o f  th e  rem a in in g  s e c t i o n  beyond th e  load  
p o i n t .  As t h i s  rem a in in g  s e c t i o n  d e c r e a s e s ,  i t s  r e a c ta n c e  
in c r e a s e s  and hence th e  v a lu e  o f  lo a d in g  in d u c ta n c e  n e c e s s a ry  
i n c r e a s e s ,  a long  w i th  th e  i n d u c to r  Q to  m a in ta in  e f f i c i e n c y .
I t  h as  been  d em o n stra ted  t h a t  th e  r a d i a t i o n  e f f i c i e n c y  i n  a 
n o n -b a n d - l im i te d  system  may be g iven  b y : -
moment would be doub led . S ince  v a r i e s  as th e  s q u a re  o f  th e
c u r r e n t  moment, th e  maximum R improvement f a c t o r  d> = 22 = 4.r  r  Ymax
R R Eqn(4r r
^ ra d  R R * R + R, r  g Lae
L ik e w ise ,  th e  r a d i a t i o n  e f f i c i e n c y  of  a loaded monopole Cn .^a(j) 
may be  shown to  b e :
R*r Eqn(4
R t
w here : ' r  ■= <j>z "  Li
Eqn(4
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*Lhow ever, = ^ 7-
and *L = 60 . c o t ( £ h o d ) ( lo g £hod -  1)
^ ra d
(}) R YL r
dv R + R + r  g
6 0 . c o t (£ h o d ) ( lo g  -  1)e r
n
<j>TR L r W r
r a d  ^LRr  + 60. co t(£hod )  ( lo g ^ f - ^ ^ - }  -  1)
An advan tage  o f  th e  loaded  whip i s  t h a t  th e  b a s e  r . f .  v o l t a g e  
i s  d r a m a t i c a l l y  re d u c e d ,  th u s  s im p l i f y in g  th e  m ech an ica l  
c o n s id e r a t io n s ;  how ever, th e  lo a d in g  c o i l  i s  v u ln e r a b le  and may 
be co n sp icu o u s .
h i i h .1 — ____ DISTRIBUTED INDUCTANCE
The whip may-be c o n s t ru c te d  so  t h a t  i t  p o s s e s s e s  a  d i s t r i b u t e d  
in d u c ta n c e  a long  i t s  l e n g th ,  th u s :
d i s t r i b u t e d
in d u c ta n c e
Eqn(50
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The c o i l  r a d iu s  r  i s  v e ry  much s m a l le r  th an  th e  o p e r a t in g  wave- de
l e n g th  and hence  a x i a l  h e l i c a l  modes o f  p ro p a g a t io n  a re  n o t  
p o s s i b l e .  This  c o n f ig u r a t io n  i s  r e a l l y  a v a r i a t i o n  o f  th e  
lum ped-load ing  d e s c r ib e d  i n  2 . 3 . 1 . 2 ; however, th e  amount o f  
in d u c ta n c e  o b ta in e d  i n  p r a c t i c e  i s  n o t  g r e a t  and thus  th e  
improvement i s  s m a l l ,  e s p e c i a l l y  a t  th e  lower f r e q u e n c i e s .  I t  
a l s o  has  th e  d is a d v a n ta g e  o f  p o s s e s s in g  a f ix e d  in d u c t iv e  
r e a c ta n c e  a t  h ig h  f r e q u e n c ie s  which th en  has  to  be  tuned  o u t  
w i th  a  s e r i e s  c a p a c i t i v e  r e a c t a n c e .
2 .3 .2  G roundplane Improvement by R a d ia l  Wire Systems
I t  i s  e v id e n t  from th e  a n a l y s i s  i n  2 . 2 .3  t h a t  th e  ground r e t u r n  
lo s s e s  p la y  a v e ry  s i g n i f i c a n t  p a r t  i n  d e te rm in in g  th e  e f f i c i e n c y  o f  
a s h o r t  a e r i a l  sy s tem . The ground c o n s ta n t s  e x p e r ie n c e d  under f i e l d  
c o n d i t io n s  can v a ry  w id e ly  and i n  many s i t u a t i o n s  can b e  v e ry  p o o r .
The e f f e c t i v e n e s s  o f  a  s im p le  e a r t h - s p i k e  r e t u r n  i s  p a r t i c u l a r l y  
dependent on th e  p r e v a i l i n g  ground c o n d i t io n s  and i t  would b e  v a lu a b le  
to  be  a b le  to  s t a b i l i s e  th e  e f f e c t i v e  ground p a ra m e te rs  and more 
v a lu a b le  s t i l l  to  b e  a b le  to  improve them. A w e l l  known b u t  w id e ly  
m isu n d e rs to o d  method of m odify ing  th e  e f f e c t i v e  ground p a ra m e te rs  i s  
by la y in g  down r a d i a l  w ire s  around  th e  a e r i a l  b a s e .
As d e s c r ib e d  i n  2 . 2 . 3 ,  d is p la c e m e n t  c u r r e n t s  le a v e  th e  a n te n n a ,  
flow- th ro u g h  s p a c e ,  and f i n a l l y  flow  i n t o  th e  ground where th e y  become 
co n d u c t io n  c u r r e n t s .  I f  th e  e a r t h  i s  homogeneous, th e  s k in  e f f e c t  
phenomena keep th e  c u r r e n t  c o n c e n t r a te d  n e a r  th e  s u r f a c e  o f  th e  e a r t h  
where i t  f low s back  to  th e  a e r i a l  a long  r a d i a l  l i n e s .  Where t h e r e  a r e  
r a d i a l  ground w ire s  p r e s e n t ,  th e  e a r t h  c u r r e n t  c o n s i s t s  o f  two com ponents, 
p a r t . o f  w hich f low s i n  th e  e a r t h  i t s e l f  and th e  rem a in d er  w hich  f low s 
i n  th e  w i r e s .
I n  a  homogeneous e a r t h ,  th e  t o t a l  e a r t h  c u r r e n t  i s  g iv e n  by :
The abso lu te  va lue  o f  th is  earth current i s :
U te I  = 7 i ^ o ) j [ l  + c o s 2 (h °) "  2 c o s ( h 0)cos{-y^(v4i2 + x 2 -  x)}
Eqn(51)
where I  i s  th e  a e r i a l  b ase  c u r r e n t ,  o
I t  shou ld  be n o te d ,  however, t h a t  th e  e q u a t io n  f o r  th e  a b s o lu te  
v a lu e  o f  t o t a l  e a r t h  c u r r e n t ,  in  the  absence of r a d i a l  w i r e s ,  when 
ex p ressed  i n  terms o f c o n s ta n t  and n o t  I q , w i l l  be  m od if ied  by 
th e  p re se n c e  of th e  ground lo s s  r e s i s t a n c e ,  th u s :
^ T e I  = l i ^ T T  /  i T T i r f 1 + cos2h'o“ ^ cos h 0-cos{-^~(i4i2 -  x2 -  X ) }
o r  2 ^
Eqn(52)
The e f f e c t  o f  th e  ground lo s s  on th e  r a d i a l  e a r t h  c u r r e n t
d i s t r i b u t i o n  can be seen  in  f i g . 24 f o r  a t y p i c a l  R = 15 ft.
S
When r a d i a l  w ire s  a re  p r e s e n t ,  th e  t o t a l  e a r t h  c u r r e n t  I™,XCi
com prises two components:
I TE I e + XR
Assuming th e  e a r t h  i s  homogeneous, th e  w ire s  a re  b u r ie d  to  a  d ep th  of 
between s i x  and tw elve in c h e s ,  and t h a t  th e  ends of th e  w ire s  a re  w e l l  
connected  to  th e  e a r t h ,  th e  r a t i o  o f  th e  e a r t h  to  r a d i a l  r e t u r n  c u r r e n t  
i s  g iv en  q u i t e  a c c u r a te ly  by:
I
= j a  ,4Tr2 .10- 9 . f . 
Tr  g
TT
log n J -  -  0-5)- [ 21 (1 9 35 )]
R
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The c u r r e n t  f lo w in g  i n  th e  r a d i a l  w ire s  may be e x p re s s e d  i n  term s 
o f  th e  t o t a l  e a r t h  c u r r e n t :
I 1R =
I TE I '1 + - ±X,R
Eqn(5^
where th e  c u r r e n t  a c t u a l l y  f lo w in g  i n  th e  e a r t h  i s :
e:.
TE
Eqn(55
Thus, e q u a t io n s  53 , 54 , 55 w i l l  p ro v id e  t h e  a c t u a l  c u r r e n t  f lo w in g  
i n  th e  r a d i a l s  and th e  r e s i d u a l  c u r r e n t  f lo w in g  i n  th e  e a r t h .
The o p t i m i s a t io n  o f  th e  ground p a ra m e te rs  cou ld  s i g n i f i c a n t l y  
improve th e  o v e r a l l  communications e f f i c i e n c y  o f  an e l e c t r i c a l l y  s h o r t  
a e r i a l  system  o f  th e  ty p e  under i n v e s t i g a t i o n .  An ex am in a t io n  o f  th e  
ground lo s s  mechanism, w i th  d i r e c t  r e le v a n c e  to  a m o b i l e / s t a t i c  f i e l d  
en v ironm en t,  would ap p ea r  most p ro m is in g  and in  f a c t  forms th e  main 
t o p i c  of t h i s  t h e s i s .
2 . 3 .3 R e -fo i i t in g  E a r th -R e tu rn  C u rre n ts  on a  V e h ic le
An a r e a  w hich may b e a r  s c r u t i n y  i s  th e  v e h i c l e  s t r u c t u r e  i t s e l f ,  
and th e  p o s i t i o n i n g  of th e  a e r i a l  on i t .  When th e  whip i s  mounted on 
a v e h i c l e ,  th e  g roundp lane  i s  f a r  from i d e a l .  G e n e r a l ly ,  th e  e a r t h  
c o n n e c t io n  i s  to  th e  v e h i c l e  body w hich , i f  i t  i s  an F .F .R .  ( f i t t e d  
f o r  r a d io )  v e h i c l e ,  shou ld  have  e l e c t r i c a l l y  bonded c h a s s i s  com ponents . 
However, a f t e r  a t im e ,  th e  e l e c t r i c a l  i n t e g r i t y  o f  th e  v e h i c l e  may become 
s u s p e c t  due to  v i b r a t i o n  and o x id a t io n  c a u s in g  d i s r u p t i o n  o f  th e  
g roundp lane  c a r r y in g  r . f .  e a r t h  r e t u r n  c u r r e n t s .  Even an i d e a l  v e h i c l e  
i s  u n s a t i s f a c t o r y  i n  as much as th e  s t r u c t u r e  does n o t  ex te n d  f o r  an 
a p p r e c ia b le  p r o p o r t i o n  o f  a w ave leng th  ( i n  th e  l . f .  r e g i o n ) .
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F ig u re  35 shows a common m ounting p o s i t i o n  f o r  a whip a e r i a l  
on a . v e h i c l e  and o u t l i n e s  some of th e  p a th s  o f  e a r t h  c u r r e n t  f lo w  w hich 
m igh t be  ex p ec ted  when t h e  v e h i c l e  c h a s s i s  i s  used  as a g ro u n d p la n e .  I t  
may b e  s een  t h a t  th e  e a r th ,  c u r r e n t s  flow  i n  v a ry in g  d i r e c t i o n s  r e l a t i v e  
to  t h e  a e r i a l  c u r r e n t  which may le a d  to  th e  m o d i f i c a t io n  o f  th e  r a d i a t i o n  
p a t t e r n  away from th e  o m n id i r e c t io n a l  (azim uth) p a t t e r n  g e n e r a l l y  d e s i r e d .
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F ig u re  36 shows th e  whip mounted in  th e  c e n t r e  o f  th e  v e h i c l e  
ro o f  and e a r t h  b r a i d s  p la c e d  s y m m e tr ic a l ly  over th e  s t r u c t u r e  and 
i n s u l a t e d  from th e  c h a s s i s .  This  c o n f ig u r a t io n  sh o u ld  c o n s t r a i n  th e  
e a r t h  c u r r e n t s  to  f low  i n  a more sym m etr ica l  manner o ve r  th e  s t r u c t u r e  
and hence  p ro d u ce  a more un ifo rm  azim uth  r a d i a t i o n  p a t t e r n  and more 
p r e d i c t a b l e  b a se  im pedances.
The s i t i n g  o f  a e r i a l s  on m i l i t a r y  v e h i c le s  poses  a p a r t i c u l a r
prob lem  as th e  r e s t r i c t i o n s  on s h a p e ,  s i z e ,  s i l h o u e t t e  and p o s i t i o n
a re  e x tre m e ly  s t r i n g e n t .  C o n s id e ra t io n  may a l s o  have to  be  g iv e n  to  
e .m .c .  w i th  c o - s i t e d  a e r i a l  s y s te m s .
2 . 3 .4  R a d io - a c t iv e  o r  " Io n "  Antennas
F o llow ing  experim en ts  by LEIMER [ 7 (1916)]  th e  f e a s i b i l i t y  o f  
an a e r i a l  su rro u n d ed  by an io n i s e d  c loud may be w orthy  o f  i n v e s t i g a t i o n .  
Leimer r e p o r t e d  an a p p a re n t  i n c r e a s e  i n  th e  e f f e c t i v e  e l e c t r i c a l  l e n g th  
of an a e r i a l  when a r e a d i o a c t i v e  so u rce  was b ro u g h t  c lo s e  to  th e  
s t r u c t u r e .  The d e s c r i p t i o n  o f  h i s  experim en ts  ( i n  German), was somewhat 
q u a l i t a t i v e  and he d id  n o t  i d e n t i f y  p o s i t i v e l y  th e  mechanism i n  
o p e r a t io n .  I t  was q u i t e  p o s s i b l e  t h a t  th e  r a d i a t i o n  in c r e a s e d  th e  
s e n s i t i v i t y  o f  h i s  r e c e iv in g  a p p a r a tu s .  I t  would a p p e a r ,  how ever, t h a t  
an i n v e s t i g a t i o n  i n t o  t h i s  phenomenon may be w or th w h ile  i n  o r d e r  to  
i d e n t i f y  th e  mechanism and p o s s i b l y  employ a l e s s  h aza rdous  means f o r  
a c h ie v in g  th e  e f f e c t .
Due to  r e s t r i c t i o n s  on th e  h a n d l in g  and exposu re  o f  r a d i o - a c t i v e  
m a t e r i a l s ,  i t  was n o t  p o s s i b l e  to  r e p e a t  Leimer*s experim en t ( c a l l i n g  
f o r  0-01  gm of rad ium  b ro m id e ) .  An a l t e r n a t i v e  method f o r  a c h ie v in g  
an i o n  c loud  was p ro p o sed  by u s in g  a Van d e r  G ra a f f  m achine to  ch a rg e  
e l e c t r o s t a t i c a l l y  th e  whip to  a v e ry  h ig h  d . c .  v o l t a g e .
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The Van d e r  G ra a f f  machine was to  be connec ted  to  th e  whip v i a  
a r . f .  choke, and a s t i f f  c i r c u l a r  m e ta l  b ru sh  f i x e d  to  th e  top  o f  th e  
whip to  a c t  as a d is c h a rg e  a r e a .  With th e  a p p l i c a t i o n  o f  an E .H .T . 
from th e  Van d e r  G r a a f f ,  an e l e c t r o n  c loud  sh o u ld  su r ro u n d  th e  top  o f  
th e  a e r i a l  a c t i n g  as an i n v i s i b l e  t o p - c a p a c i t y .
This  p ro p o s a l  i s ,  o f  c o u rs e ,  h ig h ly  s p e c u la t i v e  and e x h i b i t s  
obvious problem s when a p p l ie d  to  a f i e l d  env ironm en t.
2 .4  PROGRAMME OF WORK
A programme o f  work, to  i n v e s t i g a t e  th e  o p e r a t io n  and c h a r a c t e r i s t i c s  
o f  a s h o r t  whip a e r i a l  under  r e a l  c o n d i t io n s  was p roposed  b ased  on th e  
a n a ly s e s  o f  2 .1  to  2 .3  as  fo l lo w s .
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2 . 4 .1
The p r a c t i c a l  phase  o f  th e  s tu d y  sho u ld  commence w i th  an 
ex am in a t io n  o f  th e  b a s e  impedance o f  th e  s im p le s t  p o s s i b l e  a e r i a l  
c o n f i g u r a t i o n s .  F o r exam ple, the  b ase  impedance o f  a  4 m whip 
mounted v e r t i c a l l y  over a s h o r t  e a r t h s p i k e  d r iv e n  i n t o  th e  ground .
2 .4 .2
The a z im u th a l  r a d i a t i o n  p a t t e r n s  o f  th e  c o n f ig u r a t io n s  i n  2 . 4 .1  
sh o u ld  be  p l o t t e d  to  check f o r  symmetry and to  g a in  e x p e r ie n c e  w i th  
f i e l d  s t r e n g t h  m easuring  te c h n iq u e s .
2 . 4 .3
The e f f e c t  on b ase  impedance and r e l a t i v e  r a d i a t e d  d i s t a n t  f i e l d  
i n t e n s i t y  o f  v a r io u s  ground system s sh o u ld  now be examined w i th  
r e f e r e n c e  to  s t a t i c / m o b i l e  and p o r t a b l e  f i e l d  i n s t a l l a t i o n s .  The 
number and e x t e n t  o f  ground w ire s  n e c e s s a ry  f o r  a s i g n i f i c a n t  
improvement sh o u ld  be e v a lu a te d  w i th i n  th e  l i m i t a t i o n s  o f  an o p e r a t i o n a l  
env ironm en t.
2 . 4 . 4
The r a d i a t i o n  c h a r a c t e r i s t i c s  o f  a whip mounted on a  v e h i c l e  of 
r e g u l a r  symmetry sh o u ld  be  exam ined, and m o d i f ic a t io n s  i n  l i g h t  o f  th e  
experim en ts  on ground system s s u g g e s te d .
' 2 .4 .5
A r a p id  e v a lu a t io n  o f  methods to  i n c r e a s e  th e  e f f e c t i v e  h e i g h t  
o f  th e  a e r i a l  by means o f :
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(a )  Top c a p a c i ty
(b) Lumped -  L
(c)  D i s t r i b u t e d  -  L
(d) I n v e r t e d  -  crook
(e)  " Io n  -  a e r i a l "
2 ,4 ,6
An a sse s sm e n t  o f  th e  e f f e c t i v e  ground p a ra m e te rs  on th e  t e s t  
range  over t h e  f req u en cy  o f  o p e r a t i o n .
C hap te r  3 w i l l  d e s c r ib e  th e  m easuring  equ ipm ent,  t e s t  range  and 
measurements c a r r i e d  o u t  to  e v a l u a t e  v a r io u s  a e r i a l  c o n f ig u r a t io n s  
based  on th e  above p roposed  programme.
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3. EXPERIMENTAL RESULTS
C hap te r  Three d e s c r ib e s  an e x p e r im e n ta l  i n v e s t i g a t i o n  i n t o  th e  
c h a r a c t e r i s t i c s  o f  e l e c t r i c a l l y  s h o r t  a e r i a l  sy s tem s . The a n a l y s i s  
o f  c h a p te r  two has  h i g h l i g h t e d  c e r t a i n  a re a s  where improvements a r e  
l i k e l y  to  be a c h iev ed  and h as  r e s u l t e d  i n  an o u t l i n e  programme o f  
e x p e r im e n ta l  work. This  c h a p te r  w i l l  f i r s t  d e a l  w i th  th e  equ ipm ent,  
f a c i l i t i e s  and measurement t e c h n iq u e s ,  b e f o r e  p r o g r e s s in g  on to  th e  
experim en ts  i n  d e t a i l .  The e x p e r im e n ta l  appara tu s , ,  la y o u t  and 
measurement te c h n iq u e s  a r e  d i s c u s s e d  i n  c o n s id e r a b le  d e t a i l  as i t  
was found to  b e  e s s e n t i a l  to  pay  p a r t i c u l a r  a t t e n t i o n  to  th e s e  f a c t o r s  
o f  r e l i a b l e  r e s u l t s  were to  be o b ta in e d .
A p r e l i m i n a r y  e x am in a t io n  o f  th e  b a s e  impedance and azim uth  
r a d i a t i o n  p a t t e r n  o f  a 4 m whip was made; how ever, as soon as v a r io u s  
ground system s w ere e v a lu a te d  a number o f  i n t e r e s t i n g  phenomena were 
d is c o v e re d  co n ce rn in g  th e  ground system  o p e r a t io n  and p e r fo rm a n ce .  I t  
was d e c id e d  a t  t h i s  s t a g e  o f  th e  s tu d y  t h a t  i t  was o f  g r e a t e r  im p o r tan ce  
to  a n a ly se  and i n t e r p r e t  i n  d e t a i l  t h e  r e s u l t s  th u s  f a r  o b ta in e d ,  
r a t h e r  th a n  to  p ro ceed  r a p i d l y  to  a  s p e c i f i c a l l y  v e h i c u l a r  p h a s e .  With 
t h i s  p o l i c y  i n  mind, th e  i n v e s t i g a t i o n  o f  s im ple  ground system s 
p ro g re s s e d  from th e  s im p le s t  e a r t h s p i k e  th rough  f a i r l y  e x t e n s i v e  w ire  
system s to  a sm a l l  g roundp lane  re se m b lin g  a v e h i c l e  r o o f  and f i n a l l y  on 
to  a s im p le  v e h i c l e  s t r u c t u r e  i t s e l f .  I t  was ag reed  t h a t  th e  a p p l i c a t i o n  
o f  th e  r e s u l t s  to  a s p e c i f i c a l l y  v e h i c u l a r  env ironm ent was more s u i t a b l e  
as a s u b j e c t  f o r  a f u r t h e r  f u l l - t i m e  s tu d y .  As a r e s u l t  o f  t h i s  
d e c i s i o n ,  ground system s a re  d e a l t  w i th  i n  c o n s id e r a b le  d e t a i l  and form  
th e  main t o p i c  o f  t h i s  t h e s i s .
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3 .1  EQUIPMENT AND TEST FACILITY
This s e c t i o n  d e s c r ib e d  and d i s c u s s e s  th e  equ ipm ent,  and i t s  
pe rfo rm ance  and l i m i t a t i o n s , used  th ro u g h o u t  th e  e x p e r im e n ts .
3 . 1 . 1 ______ Impedance B r id g e ,  S o u rc e /D e te c to r  and Power Supply
The G en era l  E l e c t r i c  r . f .  b r id g e  ty p e  1606A ( f i g .  3 8 )  i s  a n u l l  
i n s t ru m e n t  e s p e c i a l l y  u s e f u l  f o r  a c c u r a te  impedance measurement o f  
a e r i a l s ,  r . f .  components and o th e r  r e l a t i v e l y  low impedance c i r c u i t s .
The Wayne/Kerr S o u rc e /D e te c to r  ty p e  SR268 i s  a wide f req u en cy  range  
o s c i l l a t o r  and r e c e i v e r  mounted on a common c h a s s i s  assem bly p a r t i c u l a r l y  
s u i t e d  f o r  use  i n  c o n ju n c t io n  w i th  th e  G.E.  r . f .  b r id g e .
______ RESISTANCE MEASUREMENTS
The r e s i s t a n c e  d i a l ,  which c o n t r o l s  a v a r i a b l e  c a p a c i t o r  C 
( f i g .  3 9 ) can  b e  c a l i b r a t e d  i n  ohms w i th  any c a p a c i t i v e  s e t t i n g  
as th e  z e ro .  For th e  maximum r e s i s t a n c e  range  t h i s  s e t t i n g  i s  
chosen to  be a t  minimum c a p a c i t a n c e .  A s m a l l ,  v a r i a b l e  tr im m er 
c a p a c i t a n c e ,  C2, i s  co nnec ted  i n  p a r a l l e l  w i th  Cl so t h a t  th e  
i n i t i a l  r e s i s t a n c e  b a l a n c e ,  w i th  th e  unknown te rm in a l  s h o r t -  
c i r c u i t e d ,  can be  made a t  z e ro  d i a l  s e t t i n g  -  i r r e s p e c t i v e  o f  
s l i g h t  changes i n  b r id g e  p a ra m e te rs  w i th  tim e o r  f r e q u e n c y .
3^1 ^ 1^2______ ^ACTMCE _^ASUREMENTS
The r e a c ta n c e  d i a l ,  which c o n t r o l s  th e  v a r i a b l e  c a p a c i t o r  C3, 
can be  c a l i b r a t e d  i n  r e a c t i v e  ohms a t  any one f r e q u e n c y ,  a g a in  
w i th  any c a p a c i ta n c e  s e t t i n g  as z e r o .  For the  maximum r e a c t a n c e  
ran g e  and b e s t  s c a l e  d i s t r i b u t i o n ,  t h i s  s e t t i n g  ( d i a l  z e ro )  i s  
chosen  a t  maximum c a p a c i t a n c e .  A v a r i a b l e  trim m er c a p a c i t a n c e ,
C4, i s  connec ted  i n  s e r i e s  w i th  C3 so  t h a t  th e  i n i t i a l  b a l a n c e ,  
w i th  th e  unknown te rm in a l s  s h o r t - c i r c u i t e d ,  can be  made a t  z e ro  
d i a l  s e t t i n g s  o r  a t  o th e r  p o in t s  on th e  d i a l ,  i r r e s p e c t i v e  o f  
changes i n  b r id g e  p a ra m e te rs  w i th  tim e o r  f re q u e n c y .
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Figure 39 Schematic Diagram of Type 1606-A R-F Bridge and Range of 
Initial Reactance Dial Setting as a Function of Frequency
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An a u x i l i a r y  c o n t r o l  p e rm i ts  th e  measurement o f  b o th  c a p a c i t i v e  
and in d u c t iv e  r e a c ta n c e s  e q u a l ly  w e l l .  With th e  z e ro  p o s i t i o n  
on th e  r e a c ta n c e  d i a l  e s t a b l i s h e d  a t  maximum c a p a c i t a n c e ,  th e  
s c a l e  r e a d s  in d u c t iv e  r e a c ta n c e  d i r e c t l y .  F o r measurements 
o f  c a p a c i t i v e  r e a c t a n c e ,  th e  b a la n c e  must be made a t  an u p s c a le  
r e a d in g  so t h a t  th e  n e g a t iv e  change i n  d i a l  r e a d in g  w i l l  rem ain  
on th e  s c a l e .  S ince  th e  range  o f  a d ju s tm e n t  o f  th e  i n i t i a l  
b a la n c e  c o n t r o l  does n o t  p e rm i t  i n i t i a l  b a la n c e s  to  be  e s t a b l i s h e d  
over  th e  whole s c a l e ,  a two p o s i t i o n  (h ig h / lo w ) sw i tc h  i s  p ro v id e d  
to  s h i f t  th e  i n i t i a l  b a la n c e  ad ju s tm en t  range  to  e i t h e r  th e  top  
o r  bo ttom  end o f  th e  d i a l  by changing  th e  v a lu e  o f  th e  r a t i o - a r m  
r e s i s t o r  (Rj -  R2)»
The unknown r e a c ta n c e  e q u a ls  th e  d i f f e r e n c e  i n  th e  r e a c ta n c e  d i a l  
r e a d in g  betw een th e  two b a la n c e s  d iv id e d  by th e  f re q u e n c y  i n  MHz, 
i r r e s p e c t i v e  o f  t h e  d i a l  s e t t i n g  f o r  i n i t i a l  b a l a n c e .
3 . 1 ^ 3 ______ PERFORMANCE
Frequency ran g e  : 400 KHz to  60 MHz
A ccuracy -  R eac tance  to  50 MHz : ± (2% + 1  + 0*0008 Rf)
R eac tance  ran g e
R e s is ta n c e  ran g e  : 0 1000 ft
R e s is ta n c e  to  50 MHz : ± (1% + 0*0024f2 1 +
V. 1000
w here : R = r e s i s t a n c e  (ft)
X = r e a c ta n c e  (ft)
f  = f req u en cy  (MHz)
The low f re q u e n c y  l i m i t  i s  governed  m ain ly  by s e n s i t i v i t y  
c o n s id e r a t io n s  and s a t i s f a c t o r y  measurements can u s u a l l y  be  made 
down to  100 KHz.
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~Lli.L .4  _ W A ^ I KERR_SOURCE/DETECTOR
The S o u rc e /D e te c to r  ty p e  SR268 com prises  an LC o s c i l l a t o r ,  a 
t . r . f . r e c e i v e r  and a power supp ly  u n i t ,  a l l  o f  which a r e  mounted 
on a common c h a s s i s  assem bly . The o s c i l l a t o r  ( s o u rc e )  and 
r e c e i v e r  ( d e t e c t o r )  a r e  c o n ta in e d  i n  s e p a r a t e  t o t a l l y  s c re e n e d  
compartments connec ted  on ly  by th e  m echan ica l d r iv e s  to  th e  tu n in g  
and ra n g e  s w i tc h in g  sys tem s .
The am p li tu d e  o f  th e  o s c i l l a t o r  i s  m a in ta in e d  a t  a c o n s ta n t  l e v e l  
by means o f  feedback  u s in g  th e r m is to r  and d iode  l i m i t e r s ;  how ever, 
th e  o u tp u t  v o l t a g e  to  th e  b r id g e  can be v a r i e d  by a  f o u r  s ta g e  
a t t e n u a t o r  p ro v id in g  a d d i t i v e  s te p s  o f  3, 6, 10 and 20 dB a t t e n u a t i o n .
The im balance  s i g n a l  from th e  b r id g e  i s  fed  back  i n t o  t h e  SR268 
and th ro u g h  a second f o u r  s ta g e  a t t e n u a t o r  s i m i l a r  i n  form  and 
o p e r a t io n  to  t h a t  i n  th e  so u rc e  o u tp u t .  However, each  s t a g e  o f  
th e  d e t e c t o r  a t t e n u a t o r  covers  a 20 dB change, i n  i n p u t  s i g n a l  
l e v e l ,  t h i s  b e in g  th e  change t h a t  in c r e a s e s  th e  n u l l  m e te r  
i n d i c a t i o n  from 10% to  90% o f  f . s . d .
Common mode r e j e c t i o n  (C.M.R.) t r a n s fo rm e r s  a r e  i n s e r t e d  b e f o r e  
and a f t e r  each s e t  o f  a t t e n u a t o r s ,  thus  p r e s e n t i n g  a low impedance 
to  w anted s i g n a l s  and a h ig h  impedance to  i n t e r f e r e n c e  s i g n a l s  
whose r e t u r n  p a th  i s  v i a  some o th e r  r o u te  than  th e  C.M.R. 
t r a n s f o r m e r .
3 . 1 .1 . 5  POWER SUPPLY
The power su p p ly  can e i t h e r  be  d e r iv e d  from a mains o r  d ry  
b a t t e r y  s o u rc e .  The mains u n i t  i n c o r p o r a te s  two s e p a r a t e  b u t  
i d e n t i c a l  s e r i e s  9 v o l t  r e g u l a t o r s  to  m inim ise  common mode 
c o u p l in g ;  how ever, f o r  f i e l d  o p e r a t io n  two 9 v o l t  d ry  b a t t e r i e s  
type  PP9 were u s e d ,  and a 6 v o l t  l a n t e r n  b a t t e r y  f o r  th e  s c a l e  
i l l u m i n a t i o n s .
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3 .1 .2 ___________ ._A e r i a l  and Ground Systems S t r u c t u r e s
3 . 1 . 2 . 1 _____ WHIP AERIAL
The r a d i a t i n g  e lem en t was t h r e e - s e c t i o n ,  s c r e w - to g e t h e r , 
c o p p e r - p l a te d  s t e e l  tube o f  o v e r a l l  assem bled le n g th  4*0 m e tres  
and t a p e r in g  d ia m e te r  8mm to  5mm. . This  i s  th e  NATO s ta n d a r d  
i s s u e  whip a e r i a l  and may be  c o n s id e re d  t y p i c a l  o f  s t a t i c ,  p o r t a b l e  
and m obile  a e r i a l  i n s t a l l a t i o n s .  C o n s id e ra b le  c a re  was e x e r c i s e d  
i n  m a in ta in in g  th e  s c r e w - to g e th e r  j o i n t s  c l e a n  i n  o rd e r  to  
m in im ise  c o n ta c t  r e s i s t a n c e  and harm onic  r a d i a t i o n .
3^1 ^ 2^2___ ___BASE_INSULATOR
A NATO s t a n d a r d ,  s e m i - f l e x i b l e ,  v e h ic le -m o u n t in g  b a se  i n s u l a t o r  
( ty p e  V3 ) was f i x e d  to  a p e r s p e x  p l a t e  one f o o t  s q u a re  and fo u r  
1 f t . ,  d ia m e te r  m e ta l  s p ik e s  a t t a c h e d  one to  each  c o rn e r  
( f i g .  40 ) .  A s i m i l a r  b a s e  i n s u l a t o r  was mounted on a 1 f t .
sq u a re  p ie c e  o f  wood (1" th i c k )  f o r  use  on th e  v e h i c l e  r o o f .
31. I i I l I ______GR0UND_S YS TEMS
A s h o r t  e a r t h in g  rod  was made of 11" s i l v e r  s t e e l  §" d ia m e te r  
w i th  a p o in t  a t  one end and a 4BA tap p ed  h o le  i n  th e  o t h e r .
When i n s e r t e d  i n t o  th e  ground to  a d ep th  o f  8" , t h e  rod  cou ld  th e n  
be connec ted  to  th e  impedance b r id g e ,  e t c . ,  v i a  a s h o r t  le n g th  
o f  copper b r a i d .
R a d ia l  w ire s  were made up from  v a r io u s  le n g th s  o f  32/0*2 PVC 
i n s u l a t e d  w ire  f i t t e d  w i th  4BA crimp w ashers  a t  e i t h e r  end .
These w ire s  cou ld  th u s  be b o l t e d  to g e th e r  to  p ro v id e  v a r io u s  
le n g th s  and numbers o f  r a d i a l s  and a g a in  b e  b o l t e d  t o g e t h e r  w i th  
a b r a i d  a t  th e  c e n t r e  and e a r th e d  (o r  n o t)  a t  th e  f a r  e n d s .
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3 .1 .3  F i e l d  S t r e n g th  M eter and A c c e s s o r ie s
The S toddard  NM-25T Radio I n t e r f e r e n c e  and F ie l d  In te n s i ty -  
M easuring  S e t  ( R .F . I .  s e t )  i s  a p o r t a b l e  t e s t  in s t ru m e n t  f o r  m easu ring  
and a n a ly s in g  e i t h e r  conducted  o r  r a d i a t e d  R .F. energy  betw een 150 KHz 
and 32 MHz. O p e ra t in g  power i s  o b ta in e d  from an i n t e r n a l  b a t t e r y ,  
r e c h a rg e a b le  from  a mains sup p ly  s o u rc e ,  g e n e r a l ly  su p p ly in g  up to  
40 h o u rs  p o r t a b l e  o p e r a t i o n .  The RFI s e t  has  an in p u t  impedance o f  
50 9  when used  as a two te rm in a l  R .F .  v o l tm e te r  to  m easure R .F . 
v o l t a g e s  from 0*1 pV to  1*0 v o l t .  An i n t e r n a l  im pu lse  g e n e r a to r  i s  
used  f o r  s t a n d a r d i s i n g  th e  o v e r a l l  g a in  a t  th e  f req u en cy  o f  m easurem ent. 
The RFI s e t  can be u sed  f o r  f i e l d  i n t e n s i t y  measurements from 1*0 mV/meter 
to  i n  ex ce ss  o f  10 V /m eter  by u s in g  th e  41" t e l e s c o p i c  ro d  a e r i a l  and 
a e r i a l  c o u p le r .  F i e l d  i n t e n s i t y  measurements can a l s o  be  made u s in g  
a loop a e r i a l  and o r i e n t i n g  th e  loop  f o r  maximum p ic k u p .
The RFI m e te r  i s  b a s i c a l l y  an e ig h t -b a n d  su p e rh e te ro d y n e  . 
r e c e i v e r  hav in g  s p e c i a l  b u i l t - i n  s i g n a l  measurement f a c i l i t i e s .  I t  
employs s i n g l e  co n v e rs io n  f o r  Bands 3, 4 and 5 and doub le  c o n v e rs io n  
f o r  th e  rem a in ing  b an d s .  The fo l lo w in g  measurement fu n c t io n s  can be 
s e l e c t e d  by th e  f r o n t  p a n e l  f u n c t i o n  s w i tc h :
(a) Fi e l d  I n t e n s i t y  : Used f o r  m easuring  average  s i g n a l  v a l u e s , 
i . e .  av e ra g e  c a r r i e r  l e v e l  o f  narrow  band s i g n a l s .
(b) Quas i - Peak : Used f o r  m easuring  w e ig h ted  s i g n a l  v a l u e s ,  i . e .
f o r  narrow  band s ig n a l s  when th e  c a r r i e r  l e v e l  o f  e i t h e r  a
m odula ted  o r  unm odulated s i g n a l  was to  be  m easured .
(c) Peak : Used f o r  m easuring  peak  s i g n a l  v a l u e s ,  m ost o f t e n  u sed  f o r  
m easu ring  b ro ad  band i n t e r f e r e n c e . -
(d) BFO : P e rm its  a u d ib le  r e c e p t i o n  o f  C.W. s i g n a l s .
(e)  CAL : P e rm its  c a l i b r a t i o n ,  o r  s t a n d a r d i s a t i o n ,  o f  th e  o v e r a l l
r e c e i v e r  g a in .
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The measured v a lu es  can be d isp la y ed  in  se v e r a l ways:
(a) F ro n t  p a n e l  m e te r  1 to  100 yV o r  1 to  +40 dB.
(b) Audio o u tp u t  : 600 Q, 25 mW.
(c) IF  o u tp u t  : 50 fi, 455 KHz, 0*1 v r . m . s .
(d) Y -o u tp u t  : 1500 S], 1 mA max.
(e) X -o u tp u t  : 1 V f o r  max. d i a l  r e a d in g  ( f r e q u e n c y ) .
( f )  O s c i l lo s c o p e  o /p  : Zq > 500
A sm a l l  loop and c u r r e n t  p ro b e  a r e  a v a i l a b l e  f o r  d e te rm in in g  
th e  c u r r e n t  d i s t r i b u t i o n  on co n d u c to rs .
3 . 1 .4  T e s t  F a c i l i t y  Caravan arid G en era to r
A dom est ic  second-hand  ca ra v an  was p u rch ased  and c o n v e r te d  i n t o  
a sm a l l  l a b o r a to r y .  The i n t e r i o r  was co m p le te ly  s t r i p p e d  down and a  
s e c u re  equipm ent c a b i n e t ,  benches  and cupboards c o n s t r u c t e d  w i t h i n .
Mains o u t l e t s  w ere p ro v id e d  on th e  benches i n  a d d i t i o n  to  l i g h t i n g  and 
power to  th e  equipm ent c a b i n e t .  M ains, from th e  g e n e r a t o r ,  was fe d  to  
th e  ca rav an  by an e x t e r n a l  c o n n e c t io n .  The ca ra v an  was cam ouflaged  
and p o s i t i o n e d  a t  th e  f u r t h e s t  end o f  th e  t e s t  range  ( f ig .4 3 )
A Honda ModelB1200 1*2 KVA, 240 V, 50 Hz p e t r o l  d r iv e n  g e n e r a to r  
p ro v id e d  th e  power to  ru n  th e  equipm ent f o r  f i e l d  i n t e n s i t y  m easurem ents 
and m o d i f i c a t io n s  to  th e  equ ipm ent.  One ta n k  o f  p e t r o l  l a s t e d  
a p p ro x im a te ly  5 h o u rs  so  c a re  had to  b e  ta k e n  d u r in g  th e  9 h o u r  o r  
so f i e l d  i n t e n s i t y  measurements to  en su re  t h a t  t h e r e  was s u f f i c i e n t  
p e t r o l  a v a i l a b l e .
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3 .1 .5  Clandsman-B T r a n s m i t t e r
The Clandsman-B t r a n s m i t t e r  p ro v id e d  th e  n e c e s s a ry  r . f .  power f o r  
r e l a t i v e  d i s t a n t  f i e l d  i n t e n s i t y  m easurem ents. Mains pow ered, b u t  
s o l i d  s t a t e  th ro u g h o u t ,  i t  p ro v id e d  10 to  30 W r f  o u tp u t  i n t o  50 
betw een 1*5 and 30 MHz. The t r a n s m i t t e r  was d r iv e n  from a  M arconi 
S ig n a l  G e n e ra to r  ty p e  TF102 and th e  so u rce  f req u en cy  was m easured on 
a D.F.M. ty p e  TC9A.
3 .2  MEASUREMENT TECHNIQUES
The e x p e r im e n ta l  p ro c e d u re  i s  d e s c r ib e d  i n  g r e a t  d e t a i l  
b e c a u s e ,  w i th o u t  c a r e f u l  o b s e r v a t io n  o f  c e r t a i n  p r e c a u t i o n s ,  i n a c c u r a t e  
o r  i n v a l i d  m easurem ents may r e s u l t .
3 . 2 . 1 ..............Base 'Impedance
The b a se  i n p u t  impedance of  th e  a e r i a l  system  under  t e s t  was 
m easured u s in g  th e  S e r ie s  R-X Impedance B ridge  (1606A) and th e  
Wayne-Kerr S o u rc e /D e te c to r  (SR268) powered from dry b a t t e r i e s .
The b r i d g e ,  s o u r c e / d e t e c t o r  and power su p p ly  w ere co n n ec ted  
as  f o l lo w s :
\ i t
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Having f i r s t  checked th e  o n - lo a d  su p p ly  v o l t a g e s  to  be g r e a t e r  
th a n  8*5 V, th e  s o u r c e / d e t e c t o r  was s e t  to  th e  d e s i r e d  ran g e  and 
f re q u e n c y .  The in p u t  t e rm in a l  ("unknown") o f  th e  b r id g e  was th e n  
s h o r te d  to  ground w i th  a heavy gauge l i n k  and s u f f i c i e n t  p r e - d e t e c t o r  
a t t e n u a t i o n  i n s e r t e d  so as to  p roduce  a  90% f . s . d .  on th e  d e t e c t o r  
o u tp u t  m e te r .  With th e  R and X s c a l e s  s e t  to  z e ro  and 5000 r e s p e c t i v e l y  
and th e  " h ig h / lo w "  sw i tc h  i n  th e  " h ig h "  p o s i t i o n  ( c a p a c i t i v e  r e a c t a n c e  -  
a e r i a l  l e s s  th a n  A /4 ) , th e  i n i t i a l  b a la n c e  c o n t r o l s  w ere a d j u s t e d  in  
t u r n  to  p roduce  th e  d e e p e s t  n u l l  on th e  d e t e c t o r  m e te r .  As th e  n u l l  
deepened , a t t e n u a t i o n  was removed, thus  a l lo w in g  a g r e a t e r  r e s o l u t i o n  
(N.B. th e  s e r i e s  a t t e n u a t i o n  must n o t  be  removed too  e a r l y  o th e rw is e  
e rro n eo u s  r e s u l t s  may occu r  due to  o v e r lo a d in g  th e  d e t e c t o r  a n d /o r  
harm onic  p r o d u c t i o n ) .
With th e  i n i t i a l  b a la n c e  th u s  s e t ,  th e  in s t r u m e n t s ,  w ere re a d y  
to  m easure s e r i e s  impedance a t  t h a t  p a r t i c u l a r  f re q u e n c y .  The a e r i a l  
under t e s t  was th e n  connec ted  to  th e  in p u t  t e rm in a l  o f  th e  b r id g e  by 
a s ta n d a r d  le n g th  co n n ec to r  (7") and ,  w i th  th e  s h o r t  removed, a new 
b a la n c e  was o b ta in e d  u s in g  th e  X and R c o n t r o l s .  When th e  d e e p e s t  
n u l l  had been  o b ta in e d ,  th e  R and X s c a l e s  w ere re a d  o f f  and n o te d  a lo n g  
w i th  th e  so u rc e  f re q u e n c y .
Extreme d i f f i c u l t y  was e x p e r ie n c e d  when t r y i n g  to  o b ta in  
r e p e a t a b l e  r e s u l t s .  A f te r  c o n s id e ra b le  tim e and e f f o r t ,  an e x p e r im e n ta l  
p ro c e d u re  was adop ted  w hich , i f  r i g i d l y  adhered  t o ,  f i n a l l y  gave 
r e s u l t s  o f  good r e l i a b i l i t y  and r e p e a t a b i l i t y .  This  p ro c e d u re  may be 
summarised as  f o l lo w s :
( i )  . Ensure  whip p e r p e n d ic u la r  to  th e  ground .
( i i )  M a in ta in  a e r i a l  b a se  a  f i x e d  d i s t a n c e  above g roundp lane  ( 8 " ) .
( i i i )  M a in ta in  a e r i a l - i n s t r u m e n t - o p e r a t o r  geom etry .
(_iv) M a in ta in  a e r i a l - b r i d g e  le a d  e x a c t  le n g th  ( 7 " ) .
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(v) Keep aerial-bridge lead parallel to ground and away from earthy 
objects.
(vi) Keep the bridge-groundplane earthing braid as short and direct 
as possible.
(vii) Avoid multiple earthing points between instruments and groundplane, 
to minimise earth loops.
(viii)Ensure good (clean) electrical contacts throughout .
(ix) Check batteryvoltages before readings.
(x) Keep leads from bridge to source/detector identical and clear 
of aerial and groundplane.
(xi) During measurements, obtain the null by leading with the X-control 
and following with the R-control.
(xii) Keep hands away from bridge except to turn controls. During 
null seeking use both hands (one on each control knob) and keep 
still.
(xiii) Do not remove detector attenuation too early.
(xiv) Repeat initial balance procedure whenever frequency is changed.
dz
(xv) Be suspicious of successive readings with large repeat, 
having changed lead/instrument geometry slightly.
(.xvi) Avoid noisy frequencies - null jumpy resulting in poor resolution. 
Generally due to interference (stations) picked up by the whip.
(xvii) Tap (gently) the equipment occasionally to detect dirty or 
loose connections.
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( x v i i i )  Keep b r id g e  i n p u t  t e rm in a l  i n s u l a t o r  d ry  and c le a n  (hence avo id  
s h u n t  c a p a c i t a n c e  and r e s i s t a n c e ) .
(x ix )  Take r e a d in g s  ev e ry  0*5 MHz, e x c e p t  a t  f r e q u e n c ie s  of p a r t i c u l a r  
i n t e r e s t  when ev e ry  0*1 MHz.
(xx) S p e c ia l  c a re  must be e x e r c i s e d  i n  windy w e a th e r ,  as th e  r e a c t i v e  
component v a r i e s  due to  whip movement, thus  r e d u c in g  n u l l  
r e s o l u t i o n .
To e v a l u a t e  p r e c i s e l y  a  g iv e n  a e r i a l  sy s tem , i t  i s  s t r i c t l y  
n e c e s s a ry  t o  p e r fo rm  a s e r i e s  o f  f a r  f i e l d  r a d i a t i o n  f i e l d  i n t e n s i t y  
m easurem ents ,  p l o t t i n g  th e  az im uth  and e l e v a t i o n  r a d i a t i o n  p a t t e r n s .  
T h is  p ro c e d u re  i s  e x tre m e ly  le n g th y  and im p r a c t i c a b le  when many 
c o n f ig u r a t i o n s  a re  to  b e  examined. P ro v id in g  th e  e s s e n t i a l  symmetry 
o f  t h e  a e r i a l  system  i s  m a in ta in e d ,  th e  r e s u l t s  o f  t h i s  s tu d y  have 
d em o n stra ted  t h a t  b a s e  impedance measurements can p r o v id e  a te c h n iq u e  
f o r  th e  r a p i d  e v a l u a t i o n  o f  s im p le  a e r i a l  c o n f ig u r a t io n s .
Based on th e  models deve loped  in  C hap te r  Two, th e  m easured  b ase  
r e s i s t a n c e  may be  r e s o lv e d  i n t o  i t s  components:
R«,e = Rr + R L- = Rr  + (Rg + R BI + V -
can be  compute from  th e  p h y s i c a l  d im ensions  o f  th e  a e r i a l  s t r u c t u r e  
( 2 .1 .2 )  and hence  th e  l o s s  compoment may be  c a l c u l a t e d .  The d i s t a n t  
groundwave f i e l d  i n t e n s i t y  w i l l  be  p r o p o r t i o n a l  t o :
R^ „  r
I t  i s  n e c e s s a r y ,  how ever, t o  p e rfo rm  r e l a t i v e  d i s t a n t  f i e l d  
i n t e n s i t y  measurements on a e r i a l  c o n f ig u r a t io n s  o f  p a r t i c u l a r  i n t e r e s t  
i n  o rd e r  to  c o r r o b o r a t e  th e  b a s e  impedance r e s u l t s ,  and i t  i s  a l s o  
a d v i s a b le  to  c a r r y  o u t  an azim uth  r a d i a t i o n  p a t t e r n  measurement t o  
e n s u re  t h e  symmetry o f  th e  r a d i a t i o n  p a t t e r n .
A t y p i c a l  s e t  o f  impedance measurements may ta k e  a p p ro x im a te ly  
one h o u r ,  a l lo w in g  two h o u rs  to  s e t  up th e  a e r i a l ,  g roundp lane  and 
i n s t r u m e n t s ,  w hereas a s i n g l e  r e l a t i v e  f i e l d  i n t e n s i t y  measurement may 
t a k e  o v e r  10 h o u rs .
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3 . 2 .2   F i e l d  I n t e n s i t y
The r e l a t i v e  d i s t a n t  groundwave f i e l d  i n t e n s i t y  measurements w ere 
p erfo rm ed  u s in g  th e  S toddard  f i e l d  i n t e n s i t y  m e te r  tupe  NM-25T and 
a c c e s s o r i e s  (see  handbook). This  equipment has an i n t e r n a l  r e c h a rg e a b le  
power su p p ly  r e n d e r in g  i t  i d e a l  f o r  p o r t a b l e  f i e l d  i n t e n s i t y  measurements 
i n  th e  f req u en cy  ran g e  100 KHz to  32 MHz. The a b s o lu t e  f i e l d  i n t e n s i t y  
can be m easured u s in g  th e  21” t e l e s c o p i c  a e r i a l  o r  th e  14 " loop  a e r i a l  
i n  c o n ju n c t io n  w i th  th e  i n p u t  m atch ing  u n i t  and c o r re sp o n d in g  c a l i b r a t i o n  
c h a r t s .
R e l a t i v e  r e c e iv e d  f i e l d  i n t e n s i t i e s  from d i f f e r e n t  a e r i a l  system s 
can b e  compared u s in g  th e  S toddard  as an r . f . yV m e te r ;  how ever, i t  
sh o u ld  be n o te d  t h a t  th e  d i f f e r e n t  a e r i a l  b a se  impedances sh o u ld  be 
matched to  th e  50 £3 in p u t  impedance to  a l lo w  d i r e c t  com parisons.
I n i t i a l l y ,  th e  4 m whip was mounted above v a r io u s  g roundp lanes  and 
r . f .  power s u p p l ie d  to  i t  v i a  an ATU a t  th e  b a se  o f  th e  a e r i a l .  A long  
5 0 Q c o a x i a l  le a d  fe d  th e  ATU from th e  t r a n s m i t t e r s  lo c a t e d  i n  th e  ca ra v an  
some 150 f t .  away. R e l a t i v e  f i e l d  i n t e n s i t y  measurements were ta k e n  
f o r  d i f f e r e n t  g round system s a t  f r e q u e n c ie s  between 1 and 20 MHz; 
how ever, t h e  r e s u l t s  o b ta in e d  confirm ed  th e  s u s p i c io n  t h a t  th e  long 
c o a x ia l  f e e d e r  d i s tu r b e d  th e  g roundp lanes  under t e s t ,  e s p e c i a l l y  th e  
s m a l le r  c o n f i g u r a t i o n s .  R .F . chokes were p la c e d  a lo n g  th e  f e e d e r  i n  
an a t te m p t  to  m in im ise  th e  e a r t h  c u r r e n t s ,  b u t  th e  measurements were 
s t i l l  a d v e r s e ly  a f f e c t e d .
To overcome t h i s  p e r tu r b i n g  in f l u e n c e ,  th e  RFI s e t  was p la c e d  
a t  th e  b a se  o f  th e  a e r i a l  system  under  t e s t  and th e  50 Q i / p  m atched 
v i a  th e  ATU. S in ce  th e  RFI s e t  was powered by i n t e r n a l  r e c h a rg e a b le  
b a t t e r i e s ,  no power le a d  was n e c e s s a r y .  T h is  assem bly was lo c a te d  a t  
th e  f u r t h e r  end o f  th e  t e s t  ran g e  w h i l s t  a 16 f t .  whip was e r e c t e d  
a d j a c e n t  to  th e  c a ra v a n .  The t r a n s m i t t i n g  a e r i a l  was mounted o v e r  a 
s im p le  e a r t h s p i k e  and th e n  c u r r e n t  fe d  w i th  r . f .  power from th e  c a ra v a n .  
Th is  en ab led  th e  r a d i a t e d  power to  be c a l c u l a t e d  i n  th e  fo l lo w in g  
manner:
103
ae
ae
F ig u re  42
P. i s  th e  fo rw ard  m
power measured by a 
B ird  T h ru l in e  W attm eter
i s  a 50 r . f .  lo a d .
R i s  chosen to  be. »  (X + R + R ) .  The r . f .  v o l t a g e  s ae r  g
developed  ac ro s s  the  load  (R^) i s  g iven  by:
s ince  R^ << R  ^,
2
V = P. .R m  L
V
o R_ + .(R + R -  jX )S g r  J ae
A ls o : P ■= I  .R 
rad  0 r
V2 .R
Rc + (R + R -  jX ) 2 S g r  J ae 1
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Now, w r i t i n g  R f o r  (R + R ) (R measured by impedance b r id g e )
3 .6  §  IT 3 6
P
P. .R_ .R i n  L r
r a d  lRs  + |Ra e - j X j l 2
P. .R_.R 
P = ________ m  X r
r a d  { (R + R ) 2 + X *7 S ae ae
Thus, by m easu ring  th e  b a s e  impedance of the' t r a n s m i t t i n g  a e r i a l  
and by in c lu d in g  a h ig h  s e r i e s  r e s i s t a n c e  i n  s e r i e s  w i th  th e  a e r i a l  
system  ( e f f e c t i v e l y  p ro v id in g  a c u r r e n t  feed )  and th e n  m easuring  th e  
power i n t o  th e  50 £3 lo a d ,  th e  r a d i a t e d  power can be  c a l c u l a t e d ,  i t  
b e in g  n e c e s s a r y  to  compute o n ly  th e  r a d i a t i o n  r e s i s t a n c e  from th e  
a e r i a l  d im en s io n s .
I t  sh o u ld  b e  n o te d  t h a t  s in c e  th e  a e r i a l  system  com parisons
a r e  made a t  th e  same f r e q u e n c i e s ,  th e  a b s o lu te  v a lu e s  o f  R . X ,n r* a e ’
Rg, R and R^ do n o t  a f f e c t  th e  ac c u ra c y  p ro v id e d  t h a t  th e y  a r e  n o t
g
c u r r e n t  d e p en d e n t ,  i . e .  p ro v id ed  Pra(j 01 m
Eqn(5<
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Layout o f  t e s t  f a c i l i t y  f o r  R e l a t i v e  F i e l d  I n t e n s i t y  M easurem ents.
Source
a e r i a l
T e s ta e r i a l
F eeder
G enera to
TEST RANGE
100m
Hollow
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Measurement p ro c e d u re :
( i )  E r e c t  s o u rc e  a e r i a l  a d j a c e n t  to  th e  ca ra v a n ,  above an e a r t h s p i k e ,  
and a t t a c h  coax f e e d e r  from t r a n s m i t t e r .
( i i )  Measure th e  b a s e  impedance as  a f u n c t i o n  o f  f re q u e n c y  (w ith  coax 
a t t a c h e d  to  a e r i a l  s y s te m ) .
( i . i i )  E r e c t  a e r i a l  system  (B) to  be  e v a lu a te d  a t  o th e r  end o f  r a n g e .
( iv )  M easure b a s e  impedance o f  a e r i a l  sy stem  a t  (B ) , same f r e q u e n c ie s  
as  above.
(v)_ Connect th e  RFI s e t  to  th e  a r i a l  sy s tem  (B) v i a  th e  ATU.
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( v i )  Tune th e  t r a n s m i t t e r  to  th e  d e s i r e d  f req u en cy  and r e a d  th e
fo rw ard  and r e f l e c t e d  power. Ensure  t h a t  power r e f l e c t e d  i s
l e s s  th a n  ap p ro x im a te ly  10%. S u b t r a c t  r e f l e c t e d  from fo rw ard
power to  o b ta in  P. . r  m
( v i i )  Tune and match th e  t e s t  a e r i a l  (B) to  RFI s e t  u s in g  ATU by 
Peak F . I .  r e a d in g  on m e te r .  Note r e a d in g  and f re q u e n c y .
( v i i i )  Repeat ( v i )  and ( v i i )  f o r  f r e q u e n c ie s  betw een 1 and 20 MHz a t  
0*5 MHz i n t e r v a l s  o r  l e s s .
( ix )  Repeat p ro c e d u re  from ( i i i )  to  ( v i i i )  f o r  each a e r i a l  system  
to  be compared.
The in p u t  o r  r a d i a t e d  power l e v e l s  a r e  th e n  no rm alised -  and th e  
r e l a t i v e  f i e l d  i n t e n s i t i e s  c a l c u l a t e d  and p l o t t e d  as  a f u n c t i o n  of 
f req u en cy  f o r  each  com parison .
S im i la r  p r e c a u t io n s  as d e s c r ib e d  i n  3 . 2 .1  must be o b se rv ed  i f  
r e p e a t a b l e  measurements a r e  to  b e .a c h ie v e d .  In  a d d i t i o n ,  th e  f o l lo w in g  
p a r t i c u l a r  p r e c u a t io n s  were found to  be n e c e s s a r y :
( i )  M a in ta in  c o a x - fe e d e r  from ca ravan  to  so u rc e  a e r i a l  i n  f i x e d  
geom etry f o r  a l l  com parisons -  p r e f e r a b l y  i n  l i n e  t o  t h e  t e s t  
a e r i a l  (B ) .
( i i )  Use a m odu la ted  t e s t  t r a n s m is s io n  to  avo id  c o n fu s io n .
( i i i )  Check t h a t  th e  f req u en cy  i s  q u i t e  f r e e  from c o -c h a n n e l  i n t e r f e r e n c e  
to  e n s u re  a w ide dynamic ran g e  o f  m easurem ent.
( iv )  Ensure  th e  ATU c o i l  i s  c l e a n  -  when F I  p eaked ,  ta p  c o i l  g e n t ly  
to  s e e  w h e th e r  t h e r e  i s  any movement o f  th e  FI m e te r .
(v) S ince  th e  F I measurements a r e  le n g th y ,  do n o t  choose a day w i th  
v a r i a b l e  w e a th e r ,  e s p e c i a l l y  wind and r a i n  (may cause  v a r i a t i o n s  
i n  e f f e c t i v e  ground c o n s t a n t s ) .
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3 ^ 2 ^ 3________ CU^NT_DISTRIBUTION
The c u r r e n t  d i s t r i b u t i o n  on th e  a e r i a l  system s was m easured 
u s in g  a sm a l l  H - f i e l d  p robe  a t tach m en t to  th e  S toddard  RFI 
s e t .  The H - f i e ld  p robe  i s  a  sm a l l  loop 3" d ia m e te r  and i n  u se  
was m a in ta in e d  a f i x e d  d i s t a n c e  from and p a r a l l e l  t o  th e  r a d i a t o r  
under t e s t  i n  th e  fo l lo w in g  manner:
H - f i e ld
probe
. r a d i a l  w ir e
F ig u re  44
P ro v id in g  th e  loop was m a in ta in e d  a f i x e d  d i s t a n c e  from and 
p a r a l l e l  to  th e  w i r e ,  t h e  c u r r e n t  d i s t r i b u t i o n  was i n d i c a t e d  by 
th e  RFI m e te r  as th e  loop was moved a long  th e  w i r e .
In  o rd e r  to  f a c i l i t a t e  th e  measurement of c u r r e n t  d i s t r i b u t i o n  
on ground r a d i a l  sy s tem s ,  a s m a l l ,  low -s lung  t r o l l e y  was c o n s t r u c t e d  
to  c a r ry  th e  S toddard  RFI s e t  so t h a t  th e  in s t ru m e n t  was k e p t  a 
f i x e d  h e i g h t  above ground and d i s t a n c e  from th e  r a d i a l  b e in g  
m easured . The c u r r e n t  p robe  was s l o t t e d  on to  th e  r a d i a l  w ire  
( f i g .  44) so t h a t  i t  cou ld  e a s i l y  move a long  th e  w i r e ,  and th e  
RFI s e t ,  t r o l l e y  and c u r r e n t  p robe  were th e n  moved a lo n g  th e  
r a d i a l  w ire  and measurements ta k e n  a t  th e  d e s i r e d  i n t e r v a l s  
( e . g .  6" on 50 f t .  r a d i a l s ) . .
The m ost im p o r ta n t  p r e c a u t io n  in  t h i s  measurement was to  e n su re  
t h a t  th e  p robe  was a f ix e d  d i s t a n c e  from and p a r a l l e l  t o  th e  
w i r e  under t e s t .  This  was en su red  by th e  above a t ta c h m e n t .  .
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3 .3  MEASUREMENTS
Guided by th e  p r e l i m i n a r y  a n a l y s i s  o f  2 .1  -  2 .3  and th e  programme 
o f  work o u t l i n e d  i n  2 . 4 ,  an e x t e n s iv e  s e r i e s  o f  measurements on b a s i c  
a e r i a l  system s under  f i e l d  c o n d i t io n s  was c a r r i e d  o u t ,  th e  r e s u l t s  o f  
w hich a r e  now p r e s e n t e d .
3. 3 .1   4 m Whip above E a r th s p ik e ____
Commencing w i th  th e  s im p le s t  p o s s i b l e  s h o r t  a e r i a l  c o n f i g u r a t i o n ,  
a 4 m whip was mounted v e r t i c a l l y  above an 11" e a r t h s p i k e  d r iv e n  8" 
i n t o  th e  g round . The b a se  impedance o f  th e  a e r i a l  sy s tem  was th e n  
m easured u s in g  th e  impedance b r id g e  type  1604(a) and th e  p ro c e d u re  
d e s c r ib e d  i n  3 . 1 . 1 .
I t  can b e  s een  from f i g .  45 t h a t  th e  r e s i s t i v e  component i s  l a r g e  
a t  f r e q u e n c ie s  below 15 MHz, e s p e c i a l l y  when compared to  th e  t h e o r e t i c a l  
r a d i a t i o n  r e s i s t a n c e  a lo n e  and hence  th e r e  must be some o th e r  c o n t r i b u t o r y  
r e s i s t i v e  component a c t i n g  i n  s e r i e s  w i th  th e  r a d i a t i o n  r e s i s t a n c e .
T his  would seem m ost l i k e l y  to  be an a e r i a l  ohmic lo s s  r e s i s t a n c e  and 
a d i s s i p a t i v e  ground lo s s  r e s i s t a n c e  w i th  th e  power ab so rb ed  by  t h i s  l a t t e r  
component j u s t  h e a t in g  up th e  ground i n  th e  v i c i 'n i t y  o f  th e  a e r i a l .
There may b e  a c o n t r i b u t i o n  by th e  e f f e c t i v e  b ase  i n s u l a t o r  lo s s  
r e s i s t a n c e ;  how ever, t h i s  can g e n e r a l l y .b e  assumed to  be  n e g l i g i b l e .
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  a t  f r e q u e n c ie s  below  th e  
q u a r te r -w a v e  r e s o n a n t  f req u en cy  o f  th e  a e r i a l ,  th e  r e s i s t i v e  component 
i s  a b o u t  25 -  30 £2 g r e a t e r  th a n  th e  c a l c u l a t e d  r a d i a t i o n  r e s i s t a n c e  
a lo n e .  The a e r i a l - s t r u c t u r e  lo s s  may g e n e r a l l y  be c o n s id e re d  
n e g l i g i b l e  ( -  0*05 ft) and hence t h i s  25 -  30 ft was a t t r i b u t e d  t o  th e  
e f f e c t i v e  b u lk  ground lo s s  r e s i s t a n c e .
At f r e q u e n c i e s  below  10 MHz, th e  e f f i c i e n c y  (Ura(j) o f  t h i s  
a e r i a l  sy s tem  i s  v e ry  poor ( -  0*5% a t  1*5 MHz), w here :
\ a d
R
Rae (R + R ) r  g'
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C le a r ly ,  i n  o rd e r  to  improve the  e f f i c i e n c y  of the  a e r i a l  sy s tem ,
e i t h e r  R must be in c re a s e d  o r  R d e c re a se d ,  
r  g
Another i n t e r e s t i n g  f e a t u r e  of f i g .  45 i s  the f a i r l y  sharp
in c r e a s e  in  R below 2 MHz. S ince  th e  r a d i a t i o n  r e s i s t a n c e  (R ) ae r
d e c re a se s  w ith  d e c re a s in g  f req u e n c y ,  t h i s  r i s e  in  R im p l ie s  an
3 .0
i n c r e a s e  i n  R , th e  ground lo s s  r e s i s t a n c e .  The r e a c t i v e  component 
§
i s  shown as a fu n c t io n  o f  frequency  in  f i g .  46 and can be seen  to  be 
c lo se  to  the  t h e o r e t i c a l  c a l c u la te d  v a lu e s .  The sh u n t c a p a c i ta n c e  
due to  th e  b a se  i n s u l a t o r  and a e r i a l  le a d  w i l l  modify th e  b ase  
r e a c ta n c e  to  a g r e a t e r  e x t e n t  than  th e  base  r e s i s t a n c e .
A t te n t io n  was f i r s t  d i r e c t e d  to  means whereby th e  e f f e c t i v e
ground lo s s  r e s i s t a n c e  (R ) may be reduced .
S
3 .3 .2  4 m Whip above S ix  32 f t .  R ad ia ls  on Ground
Six 32 '4"  r a d i a l  w ire s  were sp read  ou t on th e  ground ( a t  60° 
i n t e r v a l s )  around th e  base  of th e  a e r i a l  to  p ro v id e  an improved 
groundplane and hence to  reduce  th e  e f f e c t  o f  the  ground lo s s  
r e s i s t a n c e .  The w ires  were l a i d  on th e  ground r a t h e r  than  b u r ie d  
as t h i s  was f e l t  to  be more t y p i c a l  o f  a p o r t a b l e  f i e l d  environm ent 
where time may be l im i t e d .  The r a d i a l  w ire s  were n o t  e a r th e d  e i t h e r  
a t  th e  ends or in  th e  c e n t r e ,  and were PVC in s u l a t e d .
F ig u re  47 shows t h a t  th e  r e s i s t i v e  component has been c o n s id e r a b ly  
reduced  f o r  f r e q u e n c ie s  up to  about 6 MHz when i t  r i s e s  r a p i d l y  to  
peak a t  about 7 MHz. T h e r e a f t e r ,  i t  f a l l s  g e n t ly  u n t i l  abou t 12 MHz 
when i t  fo llow s  th e  expec ted  in c r e a s e  due to  the  r a p id l y  i n c r e a s in g  
R^. The peak in  r e s i s t i v e  component occurs  when th e  r a d i a l s  appea r  
e l e c t r i c a l l y  about* A/2 long and i s  p robab ly  due to  one or more of the  
fo l lo w in g  mechanisms:
*Note: The 32 ft radials areA/^ resonant at 6 MHz in free space.
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(a )  The r a d i a l s  th em se lv es  r a d i a t i n g  -  h o r i z o n t a l l y  p o l a r i s e d .
(b) L arge  s ta n d in g  c u r r e n t s  i n  t h e  r e s o n a n t  r a d i a l s  in d u c in g  
co r re s p o n d in g  e a r t h  c u r r e n t s  i n  th e  v i c i n i t y  o f  th e  r a d i a l  
sy s tem , hence g iv in g  r i s e  to  s u b s t a n t i a l  d i s s i p a t i o n  i n  th e  
e a r t h  lo s s  r e s i s t a n c e .  R a d ia l  r e so n an ces  i n c r e a s e  th e  e f f e c t i v e  
c o u p l in g  to  t h i s  ground l o s s .
(c) At re so n a n c e  t h e  r a d i a l s  a c t  as a h ig h  impedance p a th  f o r  th e
r e t u r n  c u r r e n t s , and hence th e  e f f e c t i v e  r e t u r n  i s  th ro u g h  th e
ground lo s s  r e s i s t a n c e  (R ) .  This  must th e n  be a A/2 re s o n a n c e .
§
I n  a l l  c a s e s ,  th e  i n c r e a s e  i n  R g iv e s  r i s e  to  f u r t h e r  w as ted
cLG
power; in d e ed  i n  (a )  i t  may g iv e  r i s e  to  r a d i a t i o n  i n  unwanted and 
em b arra ss in g  d i r e c t i o n s  which may im p a ir  s e c u r i t y  as w e l l  as  r e d u c in g  
e f f i c i e n c y .
E xam ina tion  o f  th e  b ase  r e a c ta n c e  ( f i g .  48) shows l i t t l e  o f  
i n t e r e s t ,  i t  b e in g  s u b s t a n t i a l l y  s i m i l a r  to  t h a t  o f  f i g . 46 o f  3 . 3 . 1 .
Any p e r t u r b a t i o n s  to  th e  r e a c ta n c e  may n o t  be d i s c e r n a b l e  
s in c e  th e  Q o f th e  r a d i a l  re so n a n c e  i s  low ( -  5 ) .
3 . 3 .3  4 m  Whip above S ix  50 f t .  R a d ia ls  on Ground
The r a d i a l  w ire  l e n g th  was th e n  v a r i e d  and th e  impedance 
measurements r e p e a te d  to  con firm  t h a t  th e  a p p a re n t  peak  i n  th e  
r e s i s t i v e  component was i n  f a c t  a re so n a n c e  and hence  a f re q u e n c y  
dependen t e f f e c t .  The le n g th  o f  th e  r a d i a l  w ire s  was f i r s t  i n c r e a s e d  
to  50 f t .  w i th  th e  number and geom etry  rem a in in g  th e  same as i n  3 . 3 . 2 .
Based on a r e a s o n a b le  e f f e c t  m odel, th e  peak  i n  R was e x p e c te d  a t  an 
a p p r o p r i a t e  low er f r e q u e n c y ,  c o r re sp o n d in g  to  the  a p p a re n t  A / 4 ' l e n g t h  o f  th e  
r a d i a l  w i r e s .  T h is  was confirm ed as  shown i n  f i g .  49, where th e  p eak  i n  
R re a d s  a b o u t  40 fi, s i m i l a r  to  th e  32 f t .  ground system .
c i&
A gain ,  th e  r e a c t a n c e  e x h i b i t e d  l i t t l e  o f  i n t e r e s t .
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When th e  f a r  ends o f  th e  r a d i a l s  were e a r th e d  (11" s p i k e s ) , 
t h e  re so n a n c e  was s u p p re s se d  as shown i n  f i g .  50 .
3. 3.4 4 m Whip above S ix  100 f t .  R a d ia ls  on Ground
F u r th e r  c o n f i rm a t io n  o f  t h i s  phenomenon i s  p ro v id e d  by f i g .  51 .
When th e  le n g th  o f  th e  r a d i a l  w ire s  was in c r e a s e d  to  100 f t . ,  th e  peak  
i n  Rae a p p e a r s ,  as e x p e c te d ,  a t  abou t 2*25 MHz; how ever, a second 
r e so n an ce  may a l s o  be  j u s t  d i s c e r n e d  a t  abou t 5 MHz.
3. 3.5________ 4 m Whip above S ix  150 F t .  R a d ia ls  on Ground
The r a d i a l  w ire s  were in c r e a s e d  i n  l e n g th  to  150 f t . .  i n  o rd e r  
to  move th e  re so n a n c e  low er i n  f req u en cy  and a l s o  t o  i n v e s t i g a t e  
th e  b e h a v io u r  o f  th e  second r e s o n a n c e .  The i n i t i a l  r e so n a n c e  has  b een  
moved to  2 MHz as e x p e c te d ;  how ever, f i g .  52 a l s o  shows t h a t  th e  second  
re so n an ce  i s  now f a r  more pronounced  w i th  a d d i t i o n a l  •.•resonances 
c o r re sp o n d in g  to  m u l t i p l e s  o f  th e  p r im ary  (2 ,  4, 6 and 8 MHz 
r e s p e c t i v e l y ) .  T h is  r e s u l t  shows t h a t ,  when u s in g  long  r a d i a l s ,  
m u l t i p l e  re so n a n c e s  a re  p o s s i b l e  w hich would g iv e  r i s e  to  h ig h  l o s s e s  
a t  s e v e r a l  f r e q u e n c i e s .  '
The am p li tu d e  and bandw id th  o f  th e  re so n a n c e s  ap p ea rs  t o  be  
dependen t on ground c o n d i t i o n s .  R a d ia l  w ire  re so n a n c e s  above a  w et 
ground e x h i b i t  low a m p li tu d e ,  w ide bandw idth  peaks  ( i . e .  low Q ) , 
w hereas w i r e  re so n a n c e s  o ver  d ry  ground e x h i b i t  h ig h  a m p li tu d e ,  narrow  
bandw id th  peaks  ( i . e .  h ig h  Q ).
In  t h i s  c a s e ,  th e  aresonances may be su p p re s se d  (v e ry  n e a r l y )  
by g round ing  th e  common p o i n t  o f  th e  r a d i a l s  w i th  a s h o r t  s p ik e ,  ( f i g .  53) .
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3 .3 .6  R e la t iv e  D is t a n t  F i e l d  I n t e n s i t y  Measurements on a
3 2 f t .  R ad ia l  Wire System Compared to  an E a r th s p ik e
To su p p o r t  the  i n d i c a t i o n s  g iven  by the  impedance p l o t s  of the  
whip above v a r io u s  g ro u n d p lan es ,  i t  became n e c e ss a ry  to  i n v e s t i g a t e  
w hether  i n  f a c t  th e  v a r i a t i o n s  in  base  impedance co rrespond  to  
v a r i a t i o n s  i n  th e  r a d i a t e d  d i s t a n t  f i e l d  i n t e n s i t y .  Using the  
te ch n iq u es  d e sc r ib e d  in  3 .3 .3  w ith  th e  S toddard  r . f .  f i e l d  i n t e n s i t y  
m easuring  s e t ,  a s e r i e s  of r e l a t i v e  d i s t a n t  f i e l d  i n t e n s i t y  measurement 
was conducted f o r  th e  whip above the  v a r io u s  g ro u n d p lan es ,  co rre sp o n d in g  
to  3 . 3 . 1 ,  2 , 5.
The f i r s t  measurement in  t h i s  s e r i e s  was to  compare th e  r a d i a t e d  
f i e l d  i n t e n s i t y  o f  a whip mounted over s i x  32 f t .  r a d i a l s  to  t h a t  of 
the  same whip mounted over an 11" e a r t h s p i k e .  I t  may be seen  from 
f i g .  54 t h a t  t h e r e  i s  a v e ry  c o n s id e ra b le  improvement a t  low f r e q u e n c i e s ;  
however, as the  r e s o n a n t  f requency  of th e  r a d i a l s  was approached , th e  
r e l a t i v e  f i e l d  i n t e n s i t y  drops r a p id l y  ( 7 - 8  MHz). A f te r  th e  r a d i a l  
r e s o n a n t  f req u e n c y ,  the  r e l a t i v e  f i e l d  i n t e n s i t y  ag a in  in c r e a s e s  then  
to  decay s low ly as th e  A/4 a e r i a l  re sonance  i s  approached when th e  
whip a e r i a l  becomes l e s s  dependent on p r e v a i l i n g  ground c o n d i t io n s .
The t h e o r e t i c a l  g a in  of an a e r i a l  + r a d i a l  w ire  ground system  
when compared to  an a e r i a l  + e a r th s p ik e  i s  computed from th e  r e l a t i v e  
base  impedance m easurem ents, u s in g  th e  models of c h a p te r  2 ,  and i s  shown 
in  f i g .  55 to g e th e r  w ith  the  measured r e l a t i v e  f i e l d  i n t e n s i t y  f o r  
com parison. I t  i s  c l e a r l y  dem onstra ted  t h a t  th e  peak in  th e  r e s i s t i v e  
component a t  th e  r a d i a l  w ire  r e s o n a n t  frequency  c o in c id e s  w i th  a 
co rrespond ing  dip  in  bo th  the  t h e o r e t i c a l  and measured r e l a t i v e  f i e l d  
i n t e n s i t y  (g a in ) .  I t  shou ld  be no ted  t h a t  th e  r a d i a l  w ire  system  
perform ance a t  resonance  i s  i n  f a c t  0*3 dB w orse than  th e  e a r t h s p i k e  
alone  a t  t h a t  f req u en cy .
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3 .3 .  7_______ R e l a t i v e  D i s t a n t  F i e l d  I n t e n s i t y  Measurements on a
50 f t .  R a d ia l  Wire System Compared to  an E a r th s p ik e
The r e l a t i v e  i n t e n s i t y  measurements were r e p e a te d  u s in g  50 f t .  
r a d i a l  w i r e s .  T h is  l e n g th  was chosen as th e  r a d i a l  w ire  re so n a n c e  
sh o u ld  th e n  f a l l  a t  ab o u t 5 MHz where th e  r a d i a t i o n  r e s i s t a n c e  was 
s t i l l  low (1*8 ft) and th e  low f req u en cy  e f f e c t  i n c r e a s i n g  t h e  ground 
r e s i s t a n c e  was n o t  y e t  dom inan t. Thus any re so n an ce  e f f e c t  sh o u ld  be 
c l e a r l y  d i s c e r n a b l e .  F ig u re  49 shows t h a t  th e  b ase  impedance re so n a n c e  
due to  th e  r a d i a l  w ire s  has  in d e ed  moved to  about 5 MHz, b o th  s id e s  
of t h e  re so n a n c e  b e in g  q u i t e  w e l l  d e f in e d ,  and f i g .  56 shows th e  
co r re sp o n d in g  d ip  i n  r a d i a t e d  f i e l d  i n t e n s i t y .
3 . 3 .8  R e l a t i v e  D i s t a n t  F i e l d  I n t e n s i t y  Measurements on a
150 f t .  R a d ia l  Wire System Compared to  an E a r th s p ik e
The r a d i a l  w ire  l e n g th  was f u r t h e r  in c r e a s e d  to  150 f t .  i n  o r d e r  
to  e s t im a te  th e  u s e f u ln e s s  o f  a long r a d i a l  w ire  system  aid a l s o  to  
i n v e s t i g a t e  th e  b e h a v io u r  o f  th e  m u l t i p l e  re so n an ces  e v id e n t  i n  f i g .  52 . 
The v a r i a t i o n s  i n  r a d i a t e d  f i e l d  i n t e n s i t y  a r e  i n  c lo s e  agreem ent w i th  
th o se  p r e d i c t e d  from th e  b a s e  impedance m easurem ents ,  as can be  s een  
in  f i g .  58 . The r a d i a l  w ire  re so n a n c e s  appea r  to  be more pronounced  
when th e  w ire s  a r e  l a i d  over d ry  ground r a t h e r  th a n  w e t.
These r e s u l t s  ( 3 .3 .6  -  8) c l e a r l y  d em o n s tra te  th e  r e le v a n c e  
o f  b a s e  impedance measurements on s h o r t  a e r i a l s  o f  t h i s  ty p e  and have  
e s t a b l i s h e d  b a s e  impedance measurements as a  te c h n iq u e  u s e f u l  i n  t h e  
r e l a t i v e l y  r a p i d  e v a l u a t i o n  o f  s i m i l a r  a e r i a l  sy s tem s .
3.3 .9 . 4 m Whip above Four 100 f t .  R a d ia ls  on Ground
Having e s t a b l i s h e d  th e  te c h n iq u e ,  th e  e x p e r im e n ta l  programme 
r e tu r n e d  to  b a s e  impedance m easurem ents and p roceeded  to  re d u c e  th e  
number o f  100 f t .  r a d i a l  w ire s  from  s i x  to  fo u r  i n  o rd e r  to  i n v e s t i g a t e  
th e  e f f e c t  o f  th e  number o f  r a d i a l  w ire s  on th e  perfo rm ance  o f  th e  
g ro u n d p lan e .  F ig u re  60 shows t h a t  th e  mechanism i s  unchanged; how ever,  
th e  r e s i s t i v e  component (R ) e x h i b i t s  an o v e r a l l  s l i g h t  i n c r e a s e  o v e r  
th e  s i x  w ire  c o n f ig u r a t io n .
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3. 3.10______ 4 m Whip above S ix , S lo p in g , E n d -E lev a ted  32 f t .  R a d ia ls
The la r g e  c u r r e n ts  t h a t  flo w  a lo n g  th e  r a d i a l  w i r e s ,  when
r e s o n a n t ,  ap p e a r to  in d u c e  s u b s t a n t i a l  e a r th  c u r r e n ts  in  t h e i r  v i c i n i t y .
These e a r th  c u r r e n t s ,  flo w in g  in  a  p o o r ly  co n d u c tin g  medium, d is s ip a . te
o th e rw is e  u s e f u l  power g iv in g  r i s e  to  in c re a s e d  v a lu e s  o f  R and
8
c o rre sp o n d in g  r e d u c t io n s  i n  th e  r a d ia te d  f i e l d  i n t e n s i t y .
T h is  phenomenon ap p ea rs  to  b e  dependen t on th e  p r e v a i l in g  ground 
c o n d i t io n s ,  th e  re so n an ce  e x h ib i t in g  a h ig h  Q n a tu re  when th e  ground 
was d ry  and a low Q n a tu re  when w e t. T here w ere a l s o  s l i g h t  v a r i a t i o n s  
in  th e  c e n t r e  re s o n a n t  freq u en cy  w ith  d i f f e r e n t  ground c o n d i t io n s .
I t  was p o s tu la te d  t h a t  th e s e  phenomena m ight be acc o u n ted  f o r  u s in g  
a model o f th e  r a d i a l  w ire  ground sy stem  w hich in c lu d e d  a c o u p lin g  
f a c t o r  betw een  r a d i a l  and e a r th .  I f  t h i s  model w ere c o r r e c t ,  th e n  a 
r e d u c t io n  in  th e  c o u p lin g  sh o u ld  r e s u l t  i n  a r e d u c t io n  o f th e  lo s s  
e x p e r ie n c e d  a t  r a d ia l - w i r e  re so n a n c e . T h is  r e d u c t io n  o f th e  c o u p lin g  
f a c t o r  cou ld  b e  ach iev ed  i f  th e  r a d i a l  w ire s  and a e r i a l  sy stem  as a 
w hole w ere to  b e  l i f t e d  some d is ta n c e  c l e a r  o f th e  g round . The 
d i f f e r e n c e  in  l e v e l  o f  th e  su rro u n d in g  w a te r  t a b le  betw een w et and 
dry  w ea th e r  was e s t im a te d  to  b e  some 3 - 4  f t .  and so  i t  was p ro p o sed  
to  l i f t  th e  com plete  a e r ia l ,  sy stem  abou t 5 f t .  o f f  th e  g round .
As a p re l im in a ry  e x p e rim e n t, th e  f a r  ends o f th e  r a d i a l  w ire s  
w ere s im p ly  l i f t e d  6 f t .  o f f  th e  ground on wooden (guyed), p o le s ,  w ith  
th e  b a se  o f  th e  a e r i a l  rem a in in g  1 f t .  above g round . The r e s u l t  i s  
shown i n  f i g .  61 w here th e  r e s i s t i v e  component (R ) i s  c o n s id e ra b ly  ■ 
red u ced  a t  th e  p re v io u s  re s o n a n t  fre q u e n c y  betw een  5*5 and 10 MHz.
A s l i g h t  ’’hump" can  b e  d is c e rn e d  a t  abo u t 17 MHz.
T h is  p r e l im in a ry  c o n f ig u r a t io n  w as, how ever, somewhat u n s a t i s f a c t o r y ,  
a s ,  w ith , th e  ends o f th e  r a d i a l  w ire s  s o .e l e v a t e d ,  th e  o v e r a l l  a e r i a l  
s t r u c t u r e  lo s e s  i t s  sym m etry, becom ing more com plex, and d i f f e r e n t  
mechanism s may come in t o  o p e r a t io n .  The r e s u l t  o f t h i s  ex p e rim en t 
d id ,  how ever, le n d  a c e r t a i n  amount o f su p p o r t to  th e  ground c o u p lin g  
m odel and in d ic a te d  t h a t  i t  m igh t b e  w o rth w h ile  to  p u rs u e  i t  f u r t h e r .
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3 .3 .1  1_______ 4 m Whip above S ix  32 f t .  R a d ia ls ,  C e n tre -E le v a te d
3 f t .  above Ground '
In  an  a t te m p t to  red u ce  th e  a ssy m etry  o f th e  a e r i a l  sy s tem , th e
f a r  ends o f th e  r a d i a l  w ire s  w ere r e s to r e d  to  ground l e v e l  and th e
m id -p o in ts  o f th e  w ire s  e le v a te d  3 f t .  above g round .^  F ig .  62 shows 
th a t  th e re  was a s l i g h t  d e c re a se  i n : t h e  am p litu d e  o f th e  peak  a t  
17 MHz, o th e rw ise  th e  two c h a r a c t e r i s t i c s  a re  s im i l a r .
3 .3 .1 2  4 m  Whip above S ix  S lo p in g , 32 f t .  R a d ia ls ,  E le v a te d
6 f t .  above Ground
F ig u re  63 shows t h a t  th e  d ip  i n  R t h a t  o c c u rre d  a t  ab o u t 6 MHz
has been  removed w h i l s t  a  sudden r i s e  in  r e s i s t a n c e  was e x p e r ie n c e d
a t  13 MHz. T h is  i s  exam ined in  g r e a t e r  d e t a i l  in  3 .3 .1 3 .
3 .3 .1 3  4 m Whip above S ix  32 F t .  R a d ia ls ,  E le v a te d  6 f t .  above
Ground
The e n t i r e  a e r i a l  sy stem , r a d i a l  w ire s  and w h ip , was now e le v a te d  
6 f t .  above g round . T h is  m a in ta in e d  th e  b a s ic  c o n f ig u ra t io n  w h i l s t ,  i t  
was hoped , re d u c in g  th e  g ro u n d - ra d ia l  w ire  c o u p lin g  f a c t o r  and hence
th e  in duced  e a r th  lo s s  c u r r e n t s .  The r e s u l t s  a re  shown i n  f i g .  64-
The r e s i s t i v e  component (R ) i s  s u b s t a n t i a l l y  red u ced  in  th e36
ran g e  5-5  to  12 MHz, when compared to  s im i la r  ground r a d i a l s ,  a lth o u g h  
below  5 MHz R' i s  s l i g h t l y  in c re a s e d .  A sh a rp  re so n a n c e  i s ,  how ever,
3 6
e x p e rie n c e d  a t  14*5 MHz, a g a in  due to  r a d i a l  re s o n a n c e , b u t  th e  f a c t  
t h a t  i t  i s  a h ig h  Q re so n an ce  in d i c a te s  a r e d u c t io n  in  th e  e a r th  lo s s  
c u r r e n t s . The r e s u l t i n g  change in  R i s  due m a in ly  to  th e  im pedance
3 6
t r a n s fo rm a tio n  a t  re so n a n c e .
‘ 3 .3 .1 4  4 m Whip above S ix  16 f t .  R a d ia ls  E le v a te d  6 f t .  above
Ground
. Once a g a in , i t  was o f i n t e r e s t  to  in v e s t i g a t e  j u s t  how 
e x te n s iv e  an e le v a te d  r a d i a l  sy stem  was n e c e s s a ry  to  o b ta in  r e a s o n a b le
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r e s i s t i v e  component v a lu e s  (R . ) ,  i n  o rd e r  t h a t  a compromise betw een30
s iz e  and e f f i c i e n c y  m igh t b e  re a c h e d . The 32 f t .  r a d i a l s  i n  3 .2 .1 2  
w ere th e r e f o r e  fo ld e d  back  on th em se lv es  ( in  th e  i n t e r e s t s  o f  economy) 
to  form  16 f t .  r a d i a l s .  s t i l l  6 f t .  above th e  g round . In  a d d i t io n  to  
th e  r e d u c t io n  in  s i z e  o f  th e  g ro u n d p lan e , th e  r e d u c t io n  o f r a d i a l  . 
le n g th  sh o u ld  remove th e  r e s o n a n t freq u en cy  from  14*5 MHz to  ab o u t 
30 MHz and o u t o f th e  ran g e  o f i n t e r e s t .  F ig .  66 show s, how ever, t h a t  
w h i l s t  th e  r e s i s t i v e  component (R ) i s  l i t t l e  changed below  8 MHz,
30
two re so n a n c e s  a p p e a r ,  a m ajo r one a t  11 MHz and a  m inor one a t  17*5 
MHz. These re so n a n c e s  a re  n o t  e x p e c te d  from  th e  m odel; how ever, i t  was 
f e l t  t h a t  th e  r a d i a l  c o n f ig u ra t io n  had been  co m p lica ted  by th e  r a d i a l  
lo o p s ,  and t h a t  th e  ex p erim en t sh o u ld  b e  r e p e a te d  u s in g  p ro p e r  16 f t .  . 
r a d i a l  w ir e s .
3 .3 .1 5  4 m Whip above S ix  16 f t .  R a d ia ls  E le v a te d  5 f t .  above
Ground
The ex p erim en t was r e p e a te d ,  t h i s  tim e  u s in g  16 f t .  r a d i a l  w ire s  
e le v a te d  6 f t .  above g round . F ig u re  68 c l e a r ly  shows t h a t  th e  r e s i s t i v e  
component (R ) h as  been  v e ry  c o n s id e ra b ly  red u ced  and th e  u n ex p ec tedEG
re so n a n c e s  e v id e n t  i n  3 .3 .1 4  have d is a p p e a re d .
The r e s i s t a n c e  (R ) d o e s , how ever, . f a l l  below  v a lu e s  computed 
f o r  th e  r a d i a t i o n  r e s i s t a n c e  a lo n e  betw een 7*5 and 18 MHz, and t h i s  
phenomenon w i l l  b e  d is c u s s e d  l a t e r  i n  C h ap te r F o u r. The r e s i s t a n c e  
a g a in  in c re a s e s  v e ry  s h a rp ly  below  1 MHz.
T his a e r i a l  c o n f ig u r a t io n  p ro v id e s  v e ry  i n t e r e s t i n g  r e s u l t s  in  
t h a t  i t  ap p ea rs  to  approach  th e  i d e a l ,  lo w -lo s s  c a s e ; how ever, in  
o rd e r  to  co n firm  t h a t  th e  d e c re a se  i n  r e s i s t a n c e  i s  in  f a c t  due to  
red u ced  lo s s  mechanism s and n o t  a s u b s t a n t i a l l y  m o d ifie d  r a d i a t i o n  
r e s i s t a n c e ,  r e l a t i v e  d i s t a n t  f i e l d  i n t e n s i t y  m easurem ents w ere 
.n e c e s s a ry .
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3 . 3 . 1 6  4 m Whip above S ix  16 f t .  R a d ia ls  6 f t .  above Ground
The r e l a t i v e  d i s t a n t  f i e l d  i n t e n s i t y  from  a s ix  16 f t .  r a d i a l  
w ire  sy stem  e le v a te d  6 f t .  above ground compared to  th e  same system  
on th e  ground i s  shown in  f i g .  69. The e le v a te d  sy stem  p ro d u ces  a 
f i e l d  i n t e n s i t y  ab o u t +3 dB g r e a t e r  th a n  th e  ground sy stem ; how ever, 
th e re  a re  two d ip s  in  r e l a t i v e  f i e l d  i n t e n s i t y  a t  3*5 MHz and 10 MHz.
A c e r t a i n  amount o f  t r o u b le  was e x p e rie n c e d  w ith  th e  RFI s e t  on th e  
2*25 -  4 MHz ran g e  due to  i n t e r m i t t e n t  c o n ta c ts  in  th e  t u r r e t  tu n e r  
w hich may ac c o u n t f o r  th e  f lu c tu a t io n s  in  F / I  a t  3; 5 MHz; however th e  
d ip  a t  10 MHz rem ains u n e x p la in e d .
The p r e d ic te d  perfo rm an ce  b ased  on b a se  im pedance m easurem ents 
i s  shown in  f i g .  70 and c a n .b e  seen  to  be  i n  g e n e ra l ag reem en t 
e x c e p t a t  th e  two f re q u e n c ie s  m en tio n ed .
3 . 3 .17_____  4 m Whip above an Aluminium G roundplane (300 f t .  x  80 f t . )
I t  was f e l t  n e c e s s a ry  to  d em o n stra te  t h a t  th e  in c r e a s e  i n  th e  
r e s i s t i v e  component (_R ) o f th e  b a se  im pedance above t h a t  e x p e c te d36
from  th e  r a d i a t i o n  r e s i s t a n c e  a lo n e  was due to  th e  e f f e c t  o f a lo s s y  
g ro u n d p lan e . The w h ip , th e r e f o r e ,  was e re c te d  over th e  b e s t  g ro u n d p lan e  
a v ia la b le  -  an .a lu m in iu m  s h e e t  300 f t .  by 80 f t .  and 50 th o u  th i c k .
F ig .  71 shows th e  r e s i s t i v e  component (R ) to  be  v e ry  c o n s id e ra b ly
3 6
red u ced  and to  approach  c lo s e ly  th e  t h e o r e t i c a l  v a lu e  o f  r a d i a t i o n  
r e s i s t a n c e  down to  a freq u en cy  o f  ab o u t 1 MHz. S e v e ra l i r r e g u l a r i t i e s  
a t  6 , 8 and 21 MHz a p p e a r , and th e  r e s i s t i v e  component a g a in  te n d s  to  
r i s e  s h a rp ly  below  1 MHz. The i r r e g u l a r i t i e s  w ere a t t r i b u t e d  to  
re so n an ce  e f f e c t s  due to  th e  f i n i t e  s iz e  and asymmetry o f  th e  g ro u n d p la n e , 
w h i l s t  th e  low freq u en cy  in c re a s e  i n  R was a t t r i b u t e d  to  th e  g ro u n d -36
p la n e  b e in g  r e l a t i v e l y  sm a ll com pared to  a w av e len g th  (below  1 MHz) and 
th e  e a r th  beyond th e  alum inium  s h e e t  c o n t r ib u t in g  ground lo s s .
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T his e x p e rim en t d id  d em o n stra te  v e ry  c l e a r ly  t h a t  b a se  im pedances 
ap p ro ac h in g  th e  t h e o r e t i c a l  l o s s l e s s  ca se  cou ld  be r e a l i s e d ,  p ro v id in g  
th e  g ro u n d p lan e  was s u i t a b l e .
3 .3 .1 8  4 m  Whip above S ix  50 f t .  R a d ia ls  E le v a te d  in  I n t e r v a l s
above Ground
I t  had been  o b serv ed  t h a t  th e  c e n t r e  freq u en cy  o f  th e  r a d i a l  
re so n an ce  moved s l i g h t l y  i f  th e  r a d i a l s  w ere su p p o rte d  by t u f t s  o f g ra s s  
r a th e r  th a n  l a i d  f l a t  on th e  e a r t h .  T h is e f f e c t  in  c o n ju n c tio n  w ith  th e  
m ajo r m o d if ic a t io n  to  r a d i a l  re so n an ce  when th e  r a d i a l  w ire s  w ere 
l i f t e d  w e ll  c l e a r  (5 f t . )  o f  th e  ground su g g e s te d  t h a t  some i n s i g h t  
i n t o  th e  m echanism  o f r a d i a l  re so n an ce  m igh t be o b ta in e d  by exam ining  
i n  d e t a i l  th e  b a se  im pedance as  th e  a e r i a l  s t r u c t u r e  as a w hole was 
l i f t e d  s lo w ly  c l e a r  o f th e  g round .
To t h i s  en d , m easurem ents o f b a se  im pedance v e rs u s  fre q u e n c y  
w ere ta k e n  f o r  d is ta n c e s  above th e  ground o f :
(a ) 0”
(b) 1"
(c) 2"
(d) 3"
(e) 5U
(f )  6"
(g) 1 ’
(h) 2 ’
( i )  5 '
and a summary o f th e  r e s u l t s  o f  t h i s  ex p erim en t i s  shown in  f i g s ' . '7.3 
to  81.
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As th e  a e r i a l  sy stem  was s lo w ly  l i f t e d  c l e a r  o f  th e  g ro u n d ,
th e  r a d i a l  re so n a n c e  became h ig h e r  in  freq u en cy  and h ig h e r  Q (o r
more narro w -b an d ) in  n a tu r e .  The c e n tr e  freq u en cy  o f  re so n an ce  moved
from  ab o u t 5 MHz up to  ab o u t 9*5 MHz, th e  m ost r a p id  movement o c c u r r in g
in  th e  f i r s t  f o o t  o r  so  o f f  g round . The r e s i s t i v e  component below
r a d i a l  re so n a n c e  dropped as th e  system  was e le v a te d ,  and a g a in  m ost o f
th i s  drop in  R was a ch iev ed  in  th e  f i r s t  fo o t  o f e l e v a t io n ,  ae
These r e s u l t s  w i l l  b e  a n a ly se d  in -C h a p te r  F o u r.
3.3 .19_______ 4 m Whip above S ix  50 f t .  and S ix  32 f t .  R a d ia ls  on
Ground
A tte n t io n  r e tu rn e d  to  g ro u n d -b ased  a e r i a l  system s and c o n tin u e d  
w ith  a s e r i e s  o f  b a se  im pedance m easurem ents on mixed r a d i a l s  o f 
d i f f e r e n t  le n g th s  i n  o rd e r  to  o b ta in  some i n s ig h t  i n to  compromise 
ground system s f o r  l im i te d  f i e l d  o p e ra t io n .
The e f f e c t  o f  i n t e r s p e r s in g  s ix  32 f t .  r a d i a l s  am ongst s i x  
50 f t .  r a d i a l s  i s  i l l u s t r a t e d  in  f i g .  82 . i t  can be  seen  t h a t  th e  
re so n a n c e s  e x p e rie n c e d  ( f i g s .  47 and 49) have been  much red u ce d  in  
a m p litu d e , p ro d u c in g  a sm oother r e s i s t a n c e  v e rsu s  freq u en cy  c u rv e , 
w ith  s l i g h t l y  low er r e s i s t a n c e  v a lu e s  th a n  in  3.3-.2 . and 3 .3 .3 .
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3 .3 .2 0
F ig .  83 shows th e  r e s i s t i v e  component f o r  16 f t .  r a d i a l s  and 
s i x  32 f t .  r a d i a l s  w hich e x h ib i t  a  sm a ll re so n an ce  due to  th e  32 f t .  
r a d i a l s .  The r e s i s t a n c e  i s  s im i la r  to  3 .3 .2 0  e x c e p t t h a t  i t  i s  g r e a t e r  
below  2*5 MHz.
3 .3 .2 1
F ig .  84, f o r  16 f t .  and 8 f t .  r a d i a l s ,  shows an  in c r e a s e  in  
r e s i s t a n c e  below  5 MHz, b u t  no d is c e rn a b le  re so n an ce  e f f e c t s .
3 .3 .2 2
16 f t .  r a d i a l s  a lo n e  p o s se s s  a s im i la r  r e s i s t a n c e  c h a r a c t e r i s t i c  
down to  ab o u t 6 MHz; how ever below  t h a t  freq u en cy  th e  r e s i s t a n c e  i s  
g r e a te r  th a n  i n  3 .3 .2 2  ( f i g .  85). The same 16 f t .  r a d i a l s  on v e ry  
dry  ground e x h ib i t  a f a i r l y  h ig h  Q re so n an ce  a t  14*5 MHz, d e m o n s tra tin g  
t h a t  th e  r a d i a l s  s t i l l  r e s o n a te ,  b u t  a t  an a p p r o p r ia te ly  h ig h e r  f re q u e n c y , 
and t h a t  th e  re so n a n c e  i s  n o rm a lly  h e a v i ly  damped by a lo s s y  w et g round .
3 .3 .2 3
The 8 f t .  r a d i a l s  a re  v e ry  s im i la r  to  th e  16 f t .  below  6 MHz, 
b u t  th ey  e x h i b i t  a g e n e r a l ly  low er r e s i s t a n c e  a t  h ig h e r  f re q u e n c ie s  (8 6 ) .
I t  i s  a p p a re n t from  th e s e  m easurem ents t h a t ,  as p r e d ic te d  from  
th e  th e o ry ,  a  good g ro u n d p lan e  in  th e  im m ediate v i c i n i t y  o f  th e  a e r i a l  
b a se  i s  e s s e n t i a l ,  e s p e c i a l l y  i f  th e  e f f e c t i v e  ground c o n s ta n ts  a r e  
p o o r . P ro b ab ly  th e  b e s t  two c o n f ig u ra t io n s  a re  th e  16 and 32 f t . ,  and 
th e  32 and 50 f t .  r a d i a l  sy s te m s , a lth o u g h  th e re  a re  s t i l l  t r a c e s  o f  
re so n an ce  phenomena in  each  c a s e . In  o rd e r  to  im prove th e  g ro u n d p lan e  
in  th e  im m ediate  v i c i n i t y  o f  th e  a e r i a l  b a s e ,  m easurem ents w ere  th e n  
made w ith  sm a ll alum inium  groundp l a n e s .
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3 .3 .2  4 ______ 4 m Whip above 6 f t .  Square A1 s h e e t  on Ground
I n i t i a l l y  th e  whip was m ounted o v er two 6 f t .  x  3 f t .  alum inium  
(16 swg) s h e e ts  b o l te d  to g e th e r  to  p ro v id e  a 6 f t .  sq u a re  g ro u n d p lan e ! 
The re s is t iv e -c o m p o n e n t i s  shown i n  f i g .  87 w hich ap p ea rs  q u i t e  
p ro m is in g , e s p e c i a l l y  a t  low f r e q u e n c ie s ;  how ever, th e r e  i s  a v e ry  
h ig h  Q re so n a n c e  e v id e n t a t  ab o u t 10*5 MHz, w ith  a second  m inor 
re so n a n c e  a t  a b o u t 16 MHz. I t  was d i f f i c u l t  to  e n v isa g e  a s a t i s f a c t o r y  
mechanism f o r  t h i s  phenomenon and upon f u r th e r  i n v e s t i g a t io n  i t  was 
d isc o v e re d  t h a t  th e  re so n a n c e  co u ld  b e  moved in  fre q u e n c y  q u i t e  
c o n s id e ra b ly  by a l t e r i n g  th e  geom etry  o f th e  m easu rin g  equ ipm en t. 
In d e e d , by c a r e f u l  p o s i t io n in g  o f th e  equ ipm en t, re so n a n c e  cou ld  b e  
co m p le te ly  av o id ed  as shown in  f i g .  8'8;. The r e s i s t i v e  component now 
ach iev ed  was sm ooth w ith  fre q u e n c y  and p o s se sse d  q u i t e  re a s o n a b le  low 
freq u en cy  p e rfo rm an ce  when com pared to  th e  s h o r t  r a d i a l  system s (16 and 
8 f t . ) .
3 .3 .2 5
In  o rd e r  to  check t h a t  th e  re so n a n c e s  e x p e rie n c e d  above w ere n o t  
due to  asymm etry o f th e  whip on th e  alum inium  s h e e t ,  th e  a e r i a l  was 
p la c e d  on th e  c e n tr e  edge o f th e  s h e e t .  The r e s u l t  i s  shown i n  f i g . 89 
and i s  s im i la r  to  f i g . 88 .
3 .3 .2 6  4 m  Whip above 6 F t .  A1 d is c  on Ground
The 6 f t .  A1 sq u a re  was re p la c e d  by a 6 f t .  A1 d i s c ,  and f i g .  30 
shows v e ry  l i t t l e  change from  3 .3 .2 6  e x c e p t a s l i g h t  in c r e a s e  in  
r e s i s t a n c e  below  4 MHz.
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3 .3 .2 7 -______4 m Whip above 3 f t .  A1 D isc  and S ix  8 f t .  R a d ia ls  on
Ground
The 6 f t .  A1 d i s c  was th e n  r e p la c e d  by a  3 f t .  A1 d i s c  and s ix  
8 f t .  r a d i a l s  w ith  th e  r e s u l t  shown i n  f i g .  91 . The r e s i s t a n c e  i s  
sm ooth w ith  f re q u e n c y  b u t  i s  a ls o  somewhat g r e a te r  th a n  3 .3 .2 7 .
3 .3 .2 'B
When th e  8 f t .  r a d i a l s  w ere removed ( f i g .  9 2 ) ,  th e  r e s i s t a n c e  
m a in ta in e d  a s im i la r  shape b u t  g e n e r a l ly  in c re a s e d  f u r t h e r .
I t  ap p ea rs  from  t h i s  l a s t  s e t  o f ex p erim en ts  (3 .3 .1 9  to  3 .3 .2 9 )  
t h a t  th e  g ro u n d p lan e  w ith  b e s t  p erfo rm ance  was i n  f a c t  a 6 f t .  alum inium  
d i s c ,  even when compared to  long  r a d i a l s  o p e ra t in g  a t  low f r e q u e n c ie s .
The 6 f t .  d i s c  can be c o n s id e re d  to  resem b le  a sm a ll v e h i c le  ro o f  
and th e s e  m easurem ents in d i c a te  t h a t  i t  i s  p o s s ib le  t h a t  a sm a ll v e h ic le  
ro o f  m igh t p ro v e  to  b e  a b e t t e r  g rou n d p lan e  th a n  had  b een  a t  f i r s t  
e n v isa g e d . The n e x t s te p  was to  i n v e s t i g a t e  th e  b a se  im pedance 
c h a r a c t e r i s t i c s  o f  th e  whip a e r i a l  mounted on a s im p le  v e h i c l e . .  The 
v e h ic le  o f s im p le s t  shape to  hand was th e  t e s t  f a c i l i t y  c a ra v a n . The 
w hip a e r i a l  and im pedance m easu rin g  equipm ent was m ounted on th e  ro o f  
and th e  o p e ra to r  made th e  m easurem ents k eep in g  as f a r  away from  th e  
a e r i a l  as p o s s ib le .
3 .3 .  29 '4 in Whip ori C en tre  o f  C aravan Roof
The w hip was i n i t i a l l y  m ounted in  th e  c e n tre  o f th e  c a ra v an  
r o o f .  The c a ra v an  was co vered  w ith  an alum inium  s k in  and m easured  
6 f t .  b y 15 f t ,  by 7 f t .  h ig h .  The ca rav an  body was n o t  g rounded and 
th e  o p e ra to r  s to o d  on th r e e  p o ly th e n e  m ilk  c r a t e s .  The r e s u l t s  o f t h i s  
ex p erim en t a re  shown i n  f i g .  93 and i t  can be  seen  t h a t  th e  r e s u l t s  
a re  v e ry  s im i l a r  to  th e  6 f t .  A1 d i s c  (3 .3 .2 7 )  e x c e p t t h a t  th e r e  was a  
v e ry  h ig h  Q re so n a n c e  p r e s e n t  a t  9 MHz.
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3 . 3 .3 0
The measurement was r e p e a te d  w i th  th e  whip mounted on th e
f r o n t  c e n t r e  edge of th e  caravan , r o o f , ; w i th  th e  r e s u l t s  shown i n
f i g .  94. A v e ry  s i m i l a r  r e s i s t a n c e  p l o t  to  3 .3 .3 0  was o b ta in e d  w i th  
a re so n an ce  a t  v e ry  n e a r l y  th e  same f r e q u e n c y ;  how ever, when th e  
experim en t was r e p e a te d  i t  was found t h a t  two re so n a n c e s  w ere i n  
e v id e n c e ,  one low er and one h ig h e r  i n  f req u en cy  th a n  th o s e  p r e v io u s l y  
e x p e r ie n c e d .
3. 3 .3 1  _____ 4 m Whip on C en tre  o f  MRL Caravan 'Roof-
A d i f f e r e n t - v e h i c l e  was used  to  o b ta in  th e  r e s u l t s  shown i n
f i g .  96. The whip was mounted above th e  c e n t r e  o f  t h e  M.R.L.
ca rav an  ( f i g .  97) and th e  impedance measurements ta k e n  from  i n s i d e  
th ro u g h  a  f e e d  a t  th e  b a s e  o f  th e  a e r i a l .  The i n t e r c o n n e c t i n g . l e a d  
geometry was f i x e d  ( f i g .  9 8 ) ,  and th e  r e s u l t s  were checked on a 
ne tw ork  a n a l y s e r .  F ig .  96 shows a re so n an ce  a t  abou t 15 MHz; how ever, 
i t  appea rs  to  be a low er Q phenomenon compared to  3 .3 .3 0  -  31. The 
r e s i s t a n c e  i s ,  a t  f r e q u e n c ie s  below  6 MHz, s l i g h t l y  g r e a t e r  th a n  th e  
p re v io u s  r e s u l t s .  The M.R.L. ca ra v an  was n o t  e a r th e d ;  how ever, i t  had 
mains power s u p p l i e d  th rough  a l a r g e  r . f .  ch o k e /
The r e s u l t s  o f  impedance measurements o f  th e  whip mounted on 
top o f  a s im p le  v e h i c l e  s t r u c t u r e  d e m o n s tra te  th e  s i m i l a r i t y  i n  
impedance to  a 6 f t .  A1 d i s c ,  and t h a t  th e  v e h i c l e  g roundp lane  
e x h i b i t s  a r e s i s t i v e  component lo w e r : th a n  e x t e n s iv e  r a d i a l  system s -  ' 
even  a t  low f r e q u e n c i e s .  The re so n a n c e s  e x p e r ie n c e d  i n  a l l  t h e  v e h i c u l a r  
measurements w ere a g a in  s u s c e p t i b l e  to  equipm ent geom etry  and w i th  
c a r e f u l  a t t e n t i o n  to  c o n n e c t io n s  i t  was f e l t  t h a t  th e s e  re so n a n c e s  
cou ld  be  removed as i n  3 .3 .2 5 .  The r e p e a te d  o c c u r re n c e  o f  th e s e  
re so n an ces  does em phasise  th e  need  f o r  c a re  r e q u i r e d  when g round ing  
o p e r a t i o n a l  system s to  th e  v e h i c l e  body.
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Test Caravan at Philips Research Laboratories
Figure 98 
Interior of Test Caravan
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3 .3 .3 2
I t  was a t  t h i s  s t a g e  t h a t  i t  was d ec id ed  to  com plete  a  d e t a i l e d  
i n v e s t i g a t i o n  i n t o  th e  r a d i a l  w ire  phenomena r a t h e r  th a n  p r o g r e s s in g  
to  a s p e c i f i c a l l y  v e h i c u l a r  p h a s e .
In  an a t te m p t  t o  dampen th e  re so n a n c e s  o f  th e  r a d i a l  w i r e s ,  th e  
f a r  ends o f  t h e  w i r e s  were e a r th e d  th rough  12" x d ia m e te r  rods  
d r iv e n  8" i n t o  th e  g round; how ever, th e  r e s i s t i v e  component, shown in  
f i g .  99, can be  s e e n  to  be  g e n e r a l ly  h ig h e r  th a n  i n  a h  e q u i v a l e n t  
n o n - re s o n a n t  sy s tem  e s p e c i a l l y  below  5 MHz.
3 . 3 . 3  3______ 4 m Whip above S ix  50 f t .  R a d i a l s ,  E n d -C i rc le d ,
d is c o n n e c te d  above Ground
Fo llow ing  a s u g g e s t io n  by D r. J .R .  W ait ,  a c i r c l e  o f  w i r e  was 
l a i d  around th e  f a r  ends o f  th e  r a d i a l  w i r e s ,  b u t  n o t  co n n ec ted  to  
them. T h is  s u g g e s t io n  a ro s e  from a comment to  Dr. W ait t h a t  m easurem ents 
ta k e n  w h i l s t  a l a r g e  ground mat was b e in g  l a i d  o u t  i n  t h e  USA i n d i c a t e d  
th e  b a s e  r e s i s t a n c e  to  be  low er when c o n c e n t r i c  w ire s  w ere l a i d  o v e r  th e  
r a d i a l s  b u t  n o t  bonded to  them. F ig u re  100 shows t h a t  t h e r e  was no 
a p p r e c ia b le  m o d i f i c a t io n  of  th e  b a s e  r e s i s t a n c e ,due to  th e  p r e s e n c e  
o f  th e  c i r c l e  o f  w i r e .
3 .3 .3 4 .  4 m Whip above S ix  50 f t .  R a d ia ls  End-Linked i n  C i r c l e
The f a r : e n d s  o f  th e  r a d i a l  w ire s  were th en  l i n k e d  to  th e  o u te r  
c i r c l e  and th e  r e s u l t i n g  b a s e  r e s i s t a n c e  i s  shown i n  f i g .  10L The 
r a d i a l  w ire  r e s o n a n c e ,  p r e v io u s l y  a t  6 MHz, has  been  moved down i n  
f req u en cy  to  a b o u t  2 * 5 MHz. I t  was p o s t u l a t e d  t h a t ,  a t  r e s o n a n c e ,  a 
c u r r e n t  s t a n d in g  wave p a t t e r n  was s e t  up as  fo l lo w s :
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C urren t d i s t r i b u t i o n  on r a d i a l s  w ith  o u te r  c i r c l e
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3 . 3 . 3 5 ______4 m Whip above Four 50 f t .  R ad ia ls  arid E ig h t  50 f t .
End-Links
In  o rd e r  to  c l a r i f y  the  resonance  mechanism, the  number of 
r a d i a l s  was reduced  to  fo u r  and th e  in te r c o n n e c t in g  o u te r  w ire s  a r ran g ed  
in  a s q u a re .
a e r i a l
Figure 103
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I n  t h i s  c o n f i g u r a t i o n ,  th e  b a s i c  geom etry rem ained  u n a l t e r e d  
w h i l s t  th e  end w ire s  on th e  r a d i a l  were a t  180° to  each  o t h e r ,  th u s  
m in im is in g  c o u p l in g .  The e f f e c t i v e  r a d i a l  r e s o n a n t  l e n g th  i n c r e a s e  
sho u ld  now h ave  been  a f a c t o r  o f  2 ,  and t h i s  i s  d em o n s tra ted  i n  
f i g .  104where t h e  r e s o n a n t  f re q u e n c y  has  been  reduced  from 4 MHz t o .  
ab o u t  2 MHz. I t  was n o t i c e d ,  how ever, t h a t  th e  r e s i s t i v e  component 
was s u b s t a n t i a l l y  g r e a t e r  below ab o u t 10 MHz, and i t  was su g g e s te d  
t h a t  th e  p e r p e n d i c u la r  end w ire s  d id  n o t  c o n t r i b u t e  much to  th e  r . f . 
ground system  as r a d i a l  c u r r e n t s  would c u t  them a t  a n g le s  from 90° to  
45°, w hereas g r e a t e s t  c o u p l in g  would occur a t  0 ° , ‘ i . e .  p a r a l l e l .  I t  
was i n t e r e s t i n g  to  n o te  t h a t  i n  t h i s  case, a c i r c u l a r  o u t e r  w i r e  would 
c o n t r i b u t e  n o th in g  as i t  would always be a t  90° to  th e  r a d i a l  r e t u r n  
c u r r e n t s ,  as was e v id e n t  i n  3 .3 .3 5 .  F ig .  1 0 4 a l s o  shows e v id en ce  o f  
secondary  and t e r t i a r y  r e s o n a n c e s .
3 .3 .3 6
The c u r r e n t  s ta n d in g  wave d i s t r i b u t i o n  a t  r a d i a l  r e so n a n c e  was 
m easured on th e  s q u a re  c o n f ig u r a t io n  above, and i s  p l o t t e d  i n  f i g . 105. 
As had been  p r e d i c t e d ,  c u r r e n t  nodes appear  a t  th e  c o rn e r s  (Y) and 
th e  c u r r e n t  m agnitude  d iv id e s  e q u a l ly  betw een each  s i d e  arm. The 
p o in t s  (Y) co u ld  be  c u t  and i s o l a t e d  w i th o u t  any n o t i c e a b l e  e f f e c t  
on th e  b a s e  impedance ’( a t  r a d i a l  r e s o n a n c e ) .
3 .3 .3 7  4 m  Whip above S p i r a l  G roundplane , 300 f t . ,  5 f t .  R adius
An ex p er im en t was conducted  to  con firm  th e  h y p o th e s i s  t h a t  ground 
system  perfo rm an ce  was dependen t on th e  amount o f  c o n t in u o u s  co n d u c to r  
i n  a r a d i a l  d i r e c t i o n  and in d e p e n d e n t  o f  th e  amount o f  w i r e  i n  a  
c o n c e n t r i c  d i r e c t i o n ,  i . e .  a  good g roundp lane  needs h ig h  c o n d u c t iv i t y  
around th e  a e r i a l  b a s e ,  b u t  t h i s  h ig h  c o n d u c t iv i ty  m ust b e  i n  a  r a d i a l  
d i r e c t i o n .
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In  o rd e r  to  d e m o n s tra te  t h i s ,  a s p i r a l  w ire  g ro undp lane  was l a i d  
down around  th e  a e r i a l  b a s e .  The s p i r a l  c o n ta in e d  300 f t .  o f  w ire  
( e q u iv a le n t  to  s i x  50 f t .  r a d i a l  w i r e s )  and had a r a d iu s  o f  5 f t .
The m easured b a s e  r e s i s t a n c e  i s  shown i n  f i g . 106 and i t  can be  seen  
t h a t  i t  i s  v e ry  s i m i l a r  to  t h e  a e r i a l  mounted o ver  j u s t  an e a r t h s p i k e .
The r e s i s t i v e  component i s  v e ry  l a r g e  a t  low f r e q u e n c i e s ,  and th e r e  
a re  some i n t e r e s t i n g  re so n a n c e s  a t  0*5 to  2 MHz w hich appea r  t o  be 
s p i r a l  mode r e s o n a n c e s .
3 . 3 .3  8
The measurement was r e p e a te d  w i th  th e  c e n t r e  o f  th e  s p i r a l  grounded 
w i th  an e a r t h s p i k e  ( f i g . 107); how ever, t h i s  made l i t t l e  d i f f e r e n c e  
e x c e p t  to  re d u c e  t h e  am p li tu d e  o f  t h e  re so n an ce  peaks s l i g h t l y .
3 .3 .3 9  4 m Whip above 1200 f t . ,30 f t .  R a d iu s , S p i r a l  G roundplane
When th e  r a d iu s  o f  th e  s p i r a l  was in c r e a s e d  to  30 f t . ,  u s in g  a b o u t 
1200 f t .  o f  w i r e ,  t h e  low f re q u e n c y  re so n an ces  d is a p p e a re d  and th e  
r e s u l t a n t  smooth r e s i s t a n c e  curve  was v e ry  s i m i l a r  to  t h a t  o b ta in e d  
w i th  an e a r t h s p i k e  a lo n e ,  and i s  shown i n  f i g . 108. These ex p e r im en ts  
d em o n s tra te  t h a t  a l th o u g h  over  1000 f t .  o f  w ir e  was u sed  i n  t h e  ground 
sy s tem , i t s  p e rfo rm ance  was p o o r ;  i n  f a c t ,  th e  w ire  c o n t r i b u t e d  n o th in g  
as th e  r e s u l t s  w ere s i m i l a r  to  th o s e  u s in g  s im p le  11" e a r t h s p i k e ,  hence  
i t  i s  n o t  th e  t o t a l  mount o f  m e ta l  i n  th e  g roundp lane  t h a t  i s  n e c e s s a r i l y  
im p o r ta n t  b u t  r a t h e r  th e  deg ree  of r a d i a l  c o n d u c t iv i t y  t h a t  d e te rm in e s  
th e  system  p e rfo rm a n ce .
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3 .3 .  40 ■______4 m Whip above E a r th s p ik e  on P ebble  Beach
F ig .  109 shows th e  whip mounted o ver  th e  e a r t h s p i k e  d r iv e n  i n t o  
a p e b b le  beach  a t  W orth ing ,  S u sse x ,  j u s t  on th e  t i d e l i n e .  In  f a c t ,  
th e  m easurem ents w ere ta k e n  on a sm a l l  p eb b le  i s l a n d  formed by th e  
r e t r e a t i n g  t i d e ;  th e  w a te r  l e v e l  i n  th e  p e b b le s  d ropped by abou t 2 
in c h e s  d u r in g  t h e vm easurem ent. S u r p r i s i n g l y ,  f i g .  109 shows a  g e n e r a l ly  
h ig h e r  v a lu e  o f  R , e x c e p t  a t  th e  lo w es t  f r e q u e n c i e s ,  when comparedcl&
to  th e  l a k e s i d e  g ro u n d p lan e .  T h is  may have been  due to  two e f f e c t s :  
f i r s t l y ,  th e  " f r e s h  w a te r "  c o n ta in e d  a  c e r t a i n  amount o f  chem ica l 
w as te  and hence  th e  w a te r  may have been c o n s id e r a b ly  d i s s o c i a t e d ,  and 
seco n d ly  due t o  th e  w a te r  l e v e l  d ropp ing  i n  th e  p e b b le s  and th e  c o n t a c t  
betw een th e  s e a w a te r  and t h e  e a r t h s p i k e  th u s  d e t e r i o r a t i n g .
3. 3. 41______ 4 m Whip above E a r th s p ik e  on S lo p in g  L ak e s id e
The a e r i a l  was s e t  up o v er  th e  e a r t h s p i k e  b e s id e  a s m a l l  la k e  
i n  th e  U n iv e r s i t y  campus. The s h o re  o f  th e  la k e  was s t e e p l y  s lo p in g  
(25°) and w a te r  logged .  F ig .  110 shows t h a t  th e  r e s i s t a n c e  was o n ly  
s l i g h t l y  red u ce d  o v e r a l l  when compared to  th e  normal w et f i e l d  l o c a t i o n .  
I t  was summised from  t h i s  d a t a  t h a t  t h e r e  w ere on ly  s l i g h t  d i f f e r e n c e s  
betw een th e  w a te r  logged  f i e l d  and a f r e s h  w a te r  l a k e ,  and t h a t  th e  
w a te r  t a b l e  i n  th e  f i e l d  range  was o f t e n  v e ry  n e a r  th e  s u r f a c e .
3. 3. 42_____  10 m Whip above S ix  50 f t .  R a d ia l s  on Ground
A 10 m e tre  m ast was e r e c t e d  over th e  s i x  s ta n d a r d  50 f t .  r a d i a l  
w i r e s ,  t h e  b a s e  o f  th e  m ast b e in g  i n s u l a t e d  from th e  ground by a  
s p e c i a l l y  c o n s t r u c t e d  b a se  i n s u l a t o r .  F ig .  I l l  i l l u s t r a t e s  c l e a r l y  
th e  in c r e a s e d  r a d i a t i o n  r e s i s t a n c e  due to  t h e  in c r e a s e d  l e n g th  o f  th e  
a e r i a l ,  b u t  a l s o  d em o n s tra ted  t h a t  th e  r a d i a l  r e so n a n c e  phenomenon a t  
4*5 MHz i s  in d e p e n d e n t  o f  th e  l e n g th  o f  th e  v e r t i c a l  r a d i a t i n g  e le m e n t .
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3 .3 .4 3  - 4m Whip above S ix  50 f t .  R a d ia ls  B uried  l 11 i n  Ground
The r a d i a l s  w ere f i n a l l y  b u r ie d  1" below  th e  s u r f a c e  of th e  
ground . The most i n t e r e s t i n g  f e a t u r e  o f  th e  r e s u l t  i s  shown i n  
f i g u r e  112 w here th e  r a d i a l  re so n a n c e  can be  seen  to  have been  reduced  
f u r t h e r  i n  f r e q u e n c y .  T his  i s  examined i n  d e t a i l  i n  C hap te r  F our.
The g e n e r a l  r e s i s t a n c e  c h a r a c t e r i s t i c  has  n o t  been  a p p r e c ia b ly  
improved by b u ry in g  th e  w ire s  i n  t h i s  i n s t a n c e .
3.3 .44______ R e l a t i v e  F i e l d  I n t e n s i t y  of M odified  Whip S t r u c t u r e s
Compared to  S tan d a rd  Whip
T0P_CAP
Six  §" d ia m e te r  s p o k es ,  12" lo n g ,  w ere mounted r a d i a l l y  a t  th e  
top  o f  th e  w h ip ,  th e  e x t r e m i t i e s  b e in g  connec ted  t o g e th e r  by 
16 swg w i r e .  The d i s t a n t  f i e l d  i n t e n s i t y  p roduced  by th e  
m o d if ie d  whip was compared to  t h a t  from a s t a n d a r d  whip and a 
sm a l l  b u t  g e n e r a l  improvement due to  th e  top  cap can be seen" 
i n  f i g u r e  113.
5£§.I5iI™L.™DUCTANCE
A 4m a e r i a l  was c o n s t r u c t e d  by c lo s e  w ind ing  16 swg pvc i n s u l a t e d  
w ire  on a 1" wooden form er. The r e s u l t i n g  com parison  w i th  a 
s ta n d a r d  w h ip , shown i n  f i g u r e  114, i n d i c a t e s  p o s s i b l e  narrow ­
band improvements b u t  a l s o  i l l u s t r a t e s  the  f re q u e n c y  s e n s i t i v e  
n a t u r e  o f  th e  d e v ic e .
"CROOK'^WHIP
F o llo w in g  a s u g g e s t io n  by Dr. M.J. U n d e r h i l l  (PRL) ,. a  "c ro o k "  
s e c t i o n  was added t o  th e  to p  o f  the  whip -  18" long  sp aced  6" 
away from th e  main rod  -  to  i n v e s t i g a t e  any p o s s i b l e  improvement 
i n  th e  c u r r e n t  d i s t r i b u t i o n  on th e  s t r u c t u r e .  F ig u re  115 i n d i c a t e s  
t h a t  t h e r e  was l i t t l e  g e n e r a l  m o d i f i c a t io n  e x c e p t  as th e  s t r u c t u r e  
approaches  A/4 r e s o n a n c e .
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Such m o d i f i c a t io n s  to  th e  a e r i a l  s t r u c t u r e  have been  s tu d ie d  
i n  some d e t a i l  by o th e r  i n v e s t i g a t o r s ,  a l th o u g h  th ey  h a v e ,  i n  g e n e r a l ,  
c o n c e n t r a te d  on p h y s i c a l l y  l a r g e  a e r i a l  sy s tem s . I t  was d e c id e d  t h a t  
a thorough  e x a m in a t io n  o f  th e s e  ty p e s  o f  a e r i a l  was beyond th e  scope 
o f  t h i s  p r o j e c t  and more s u i t e d  to  a l a t e r ,  s e p a r a t e  s tu d y .
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. 4 GROUND CONSTANTS ; MEASUREMENT OF THE DIELECTRIC CONSTANT OF THE GROUND .
F o llo w in g  s e v e r a l  u n s u c c e s s f u l  a t t e m p ts  a t  d e te rm in in g  th e  e f f e c t i v e  
ground c o n s ta n t s  by the  "wave t i l t "  m ethod, a number o f  l a b o r a to r y  
measurements w ere made on . s u b s t a n t i a l  samples of th e  ground from around 
th e  t e s t  s i t e .  The sam ples w ere p la c e d  i n  a l a rg e  p a r a l l e l  p l a t e  
c a p a c i t o r  ( f i g .  112) and th e  r e s u l t i n g  change i n  c a p a c i t a n c e  m easured 
on an r . f .  c a p a c i t a n c e  m e te r  o p e r a t in g  a t  1 MHz.
c a p a c i t o r  p la te^ e a r t h
sample
p e r s p e x  box< wooden case
F ig u re  116
The p e rs p e x  box was made 3" l a r g e r  th a n  th e  A1 p l a t e s  so  t h a t  
th e  f r i n g i n g  f i e l d s  would a l s o  p a s s  th rough  th e  in t e r m e d i a t e  d i e l e c t r i c .  
The p l a t e s  were p la c e d  on th e  o u t s id e  o f  th e  p e rs p e x  to  e l im i n a t e  any 
c o n d u c t io n  c u r r e n t s  th ro u g h  th e  d i e l e c t r i c ;  how ever, t h i s  co m p lic a te d  
th e  a n a l y s i s  o f  t h e  r e s u l t s  s in c e  th e  s t r u c t u r e  now resem b led  a 
m u l t i - d i e l e c t r i c  c a p a c i t o r ,  i . e .
Cp c e Cp
° — II— II— - I I — 0
Figure 117
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P e rs p e x  has  a r e l a t i v e  d i e l e c t r i c  c o n s ta n t  e = 2*4 t o  3*6
r ?and hence  C2 and C3 w i l l  te n d  to  mask th e  c o n t r i b u t i o n  due to  samples 
w i th  low v a lu e s  o f  ( l e s s  th a n  ^  10 ) .  The most s a t i s f a c t o r y  method 
o f  m easurem ent i s  by s u b s t i t u t i o n ,  thus  r e n d e r in g  knowledge o f  th e  : 
e x a c t  d im ensions  u n n e c e ss a ry .
* The w hole p e r s p e x  h o ld e r  w i th  p l a t e s  a t t a c h e d  was mounted i n  a 
s t o u t  wooden fram e to  m a in ta in  th e  geom etry c o n s ta n t  th ro u g h o u t  th e  
t e s t s .  E x p e r im e n ta l  p ro c e d u re  was as  fo l lo w s :
(a) Measure th e  c a p a c i t a n c e  o f  th e  empty, d ry  c o n t a in e r .
(b) F i l l  w i th  unknown d i e l e c t r i c  ( e a r t h  sample) and m easure  
c a p a c i t a n c e ,
(c) Empty, c l e a n  o u t  and d ry  c o n ta in e r  b e f o r e  r e f i l l i n g  w i th  
s u b s ta n c e  o f  known d i e l e c t r i c  c o n s ta n t  and m easure  c a p a c i t a n c e .
(d) R epeat w i th  v a r io u s  known £^ s u b s ta n c e s  u n t i l  a s u b s t i t u t e  
(o r  n e a r )  i s  found .
Having c le a n e d  and d r i e d  th e  c o n ta in e r  a f t e r  each  sample and 
c o n t r o l ,  i t  i s  u s e f u l  to  m easure th e  c a p a c i t a n c e  (w ith  a i r )  a s  a check 
f o r  changes i n  j i g  geom etry .
The e a r t h  sam ples were ta k e n  i n  18" s l i t h e r s ,  1" t h i c k  by  
18" w id e ,  m a in ta in in g  t h e  same s t r a t i f i c a t i o n  as th e  o r i g i n a l  g round . 
The b u lk  o f  t h e  sample ta k e n  m in im ised  any o v e r a l l  e f f e c t s  due to  
change i n  m o is tu r e  c o n t e n t .
R e s u l t s  /
Measurement o f  D i e l e c t r i c  C o n s tan t
£ (CH C00H) = 32-6m 3
e (H O ) = 80
W
£p (p e rsp ex )  = 2*6 -  3*4
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d = 25*0 ( a i r )
6 = 26*5 ( l i q u id )
6 f = 3*2 mm (perspex)
A = 1 f t 2
CTW = 376 PF , 375 pF
CtA = 36-5 pF, 40 pF, 40 pF
CTM = 300 pF, 302 pF
CEA = 305 p F ’ 300 pF
The composite c a p a c i ta n c e  measured when u s in g  m ethyl a lc o h o l  as 
a d i e l e c t r i c  p rov ided  th e  n e a r e s t  s u b s t i t u t e  f o r  the  e a r t h  sam ples .
I t  was concluded t h a t  the  top s o i l  from the  t e s t  range e x h ib i t e d  an 
e f f e c t i v e  d i e l e c t r i c  c o n s ta n t  of approx im ate ly  33-35. A lthough t h i s  
does no t r e p r e s e n t  a comprehensive s tu d y  of the  d i e l e c t r i c  b e h a v io u r  
of the  t e s t  range  s o i l ,  i t  was f e l t  t h a t  the  experim ent p ro v id ed  an 
independen t assessm en t of i t s  approxim ate  n a t u r e .
C hapter Three has d e s c r ib e d  th e  ex p e r im en ta l  equipment and t e s t  
f a c i l i t i e s ,  measurement te ch n iq u es  and f i n a l l y  the  r e s u l t s  of an 
ex tended  s e r i e s  of base  impedance and r e l a t i v e  f i e l d  i n t e n s i t y  
measurements perform ed on a wide v a r i e t y  of a e r i a l  sy s tem s . These 
r e s u l t s  have been d isc u s s e d  b r i e f l y  and a re  f u r t h e r  an a ly sed  in  
Chapter Four b e fo re  be ing  e x p lo i te d  to o p t im ise  f i e l d  communications 
systems in  C hapter F iv e .
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4 THEORETICAL MODELS
C hap ter  Four d i s c u s s e s  i n  some d e t a i l  two o f  th e  most i n t e r e s t i n g  
phenomena o b se rved  from th e  e x p e r im e n ta l  s e c t i o n ,  namely r a d i a l  
re so n a n c e  and th e  e f f e c t  o f  whip sway on th e  o v e r a l l  communications 
e f f i c i e n c y .  I n  b o th  c a s e s ,  some t h e o r e t i c a l  a n a l y s i s  i s  p r e s e n te d  
and th e  im p l i c a t i o n s  c o n c e rn in g  f i e l d  i n s t a l l a t i o n s  a r e  d i s c u s s e d .
4 .1  AN EXAMINATION OF THE RADIAL RESONANCE PHENOMENA
I t  has  been  ob se rv ed  i n  C hap ter  Three t h a t  under some c i rc u m s ta n c e s  
r a d i a l  system s may become r e s o n a n t .  I t  has  a l s o  been  d em o n s tra ted  t h a t  
re so n a n c e s  i n  th e  r a d i a l s  have a d i r e c t  b e a r in g  on th e  o v e r a l l  
communications e f f i c i e n c y  o f  th e  system . I t  i s  t h e r e f o r e  im p o r ta n t  
t h a t  th e  mechanisms g o v ern in g  r a d i a l  re so n an ce  be c a r e f u l l y  e x p lo re d  
so t h a t  t h e i r  e f f e c t  on an a e r i a l  system  may be w e l l  u n d e r s to o d ,  and 
so t h a t  th ey  can b e  p u t  to  b e s t  ad v an tag e .
4 . 1 .1  R a d ia l  Resonances
C onsider  th e  c a se  of a ground system  com pris ing  a s m a l l  number 
( t y p i c a l l y  s ix )  o f  open-ended r a d i a l  w i r e s .  S ince  th e  f u r t h e r  ends 
o f  th e  r a d i a l  w ire s  a r e  i n c o r r e c t l y ,  te rm in a te d ,  th e  r e s u l t i n g  s ta n d in g  • 
wave g iv e s  r i s e  to  an  impedance t r a n s f o r m a t io n  a t  th e  common p o i n t .  
This  t ra n s fo rm e d  impedance i s  e f f e c t i v e l y  i n  s e r i e s  w i th  th e  a e r i a l  . 
impedance and hence  appea rs  as p a r t  o f  th e  o v e r a l l  a e r i a l  c i r c u i t  i n t o  
w hich power i s  f e d  from  th e  t r a n s m i t t e r  v i a  a m atch ing  u n i t , >and as 
such d i r e c t l y  i n f l u e n c e s  th e  n e t  r a d i a t e d  power.
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The impedance t r a n s fo rm a t io n  i s  a f u n c t io n  o f  f req u en cy  f o r  
f i x e d  le n g th  r a d i a l  w i r e s ,  p r o g r e s s in g  r e p e t i t i v e l y  from a maximum 
a t  m u l t i p l e s  o f  A/2 to  a minimum a t  m u l t i p l e s  o f  A/4. When th e  r a d i a l s  
a r e  nA/2 (n an i n t e g e r )  lo n g ,  t h e i r  impedance to  th e  e a r t h  r e t u r n  
c u r r e n t s  i s  h ig h ,  g iv in g  r i s e  to  an i n e f f i c i e n t  system ; however, when 
(2n + l ) A /4 ,  th e  r a d i a l  impedance i s  low and p ro v id e s  a good e a r t h  
c u r r e n t  r e t u r n  p a th  dependan t on R^.
T his  model i s  co m p lica ted  by th e  m o d i f i c a t io n  o f  the  phase  
v e l o c i t y  and a t t e n u a t i o n  c o n s ta n t  o f  th e  r a d i a l  mode wave due to  th e  
p ro x im i ty  o f  th e  g round; thus  when e le v a te d  and V ^  = Vq , th e  
re so n a n c e  w i l l  y i e l d  a h igh -Q , h ig h  v a lu e  t r a n s f o r m a t io n ,  w hereas  th e  
o p p o s i te  w i l l  be  th e  c a s e  as th e  w ir e  approaches  th e  i n t e r f a c e .
These re so n a n c e  phenomena a r e  found to  be more pronounced  w i th  
l i m i t e d  number r a d i a l - w i r e  system s and we s h a l l  now c o n s id e r  th e  
ex trem e case  o f  a  tw o - r a d ia l  w ire  g ro u n d p lan e .
4 .1 .2 ________Model o f  R ad ia l-G round  E f f e c t s  and Resonance Phenomena
A w ire  a e r i a l  p la c e d  p a r a l l e l  t o  and a t  a h e i g h t  d above a 
co n d u c t in g  o r  d i e l e c t r i c  i n t e r f a c e  induces  a d i s t r i b u t i o n  o f  c u r r e n t s  
and charge  i n  th e  medium t h a t  i n t e r a c t  w i th  th e  c u r r e n t s  and ch a rg e  
on th e  a e r i a l  and which combine w i th  th e s e  to  g e n e ra te  th e  e l e c t r o ­
m ag n e tic  f i e l d .  The c a l c u l a t i o n  o f  t h i s  i n t e r a c t i o n  i s  d i f f i c u l t  
e x c e p t  where th e  h a l f - s p a c e  i s  p e r f e c t l y  co n d u c t in g .  In  t h i s  s p e c i a l  
c a s e ,  th e  r e s u l t a n t  e f f e c t  o f  th e  d i s t r i b u t i o n s  o f  charge and c u r r e n t  
on th e  conducting  /  s u r f a c e  i s  p r e c i s e l y  t h a t  of eq u a l  and o p p o s i t e  
c u r r e n t s  and charges  on a f i c t i t i o u s  "image" a e r i a l  lo c a te d  a t  a 
d i s t a n c e  d below th e  s u r f a c e .  I t  r e p la c e s  th e  e n t i r e  h a l f - s p a c e  and
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red u ce s  th e  d e t e r m in a t io n  o f  c u r r e n t s ,  charges  and e le c t r o m a g n e t i c  
f i e l d s  to  t h a t  r e s u l t i n g  from two i d e n t i c a l ,  p a r a l l e l  a e r i a l s  s e p a r a t e d  
by a  d i s t a n c e  2d and d r iv e n  by e q u a l  and o p p o s i te  g e n e r a to r s .  When 
2 KQd «  1, th e  a e r i a l  and i t s  image c o n s t i t u t e  a two w ire  t r a n s m is s io n  
l i n e  w i th  c u r r e n t s  and d r iv i n g  p o i n t  a d m it ta n c e  t h a t  a r e  d e te rm in e d  
p r i m a r i l y  by th e  impedance and c a p a c i t a n c e  p e r  u n i t  le n g th  o f  th e  l i n e ,  
and a f f e c t e d  o n ly  n e g l i g i b l y  by r a d i a t i o n .
When th e  h a l f - s p a c e  below th e  a e r i a l  i s  n o t  p e r f e c t l y  co n d u c t in g  
( e . g . ,  e a r t h ) ,  c o n d u c t io n  o r  d isp la c e m e n t  c u r r e n t s ,  o r  b o th ,  may be  
in d u c ed .  T hese , how ever, a r e  n o t  co n f in e d  to  a t h i n  l a y e r  on th e  
s u r f a c e  b u t  p e n e t r a t e  more o r  l e s s  d eep ly  i n t o  th e  medium. T h e i r  
e f f e c t  on th e  c u r r e n t  on th e  a e r i a l  and t h e i r  c o n t r i b u t i o n  to  th e  
e .m . f i e l d  a r e  n o t  e a s i l y  d e te rm in e d .
A w e l l  known example o f  such  an a e r i a l  i s  th e  Beverage wave 
a e r i a l  where th e  h e i g h t  above ground i s  s m a l le r  th a n  a w av e le n g th .
I t  has  b een  u s u a l  i n  th e s e  i n s t a n c e s  to  assume t h a t  th e  a e r i a l  c u r r e n t  
d i s t r i b u t i o n  and th e  phase  v e l o c i t y  a r e  s u b s t a n t i a l l y  th e  same as when 
th e  a e r i a l  i s  i s o l a t e d  i n  f r e e  s p a c e .
The r e s u l t s  o f  experim en ts  on e l e v a te d  r a d i a l  system s d e s c r ib e d  
i n  C hap te r  Three i n d i c a t e  t h a t  t h i s  may n o t  always be th e  c a s e .  As th e  
a e r i a l  comes c l o s e r  to  th e  i n t e r f a c e  (d r e d u c e s ) ,  th e  i n t e r a c t i o n  o f  
th e  ch a rg es  and c u r r e n t s  on th e  a e r i a l  w i th  th o s e  i n  th e  ground medium 
i s  such  t h a t  th e  phase  v e l o c i t y  o f  th e  wave p ro p a g a t in g  a long  th e  a e r i a l  
w ire  i s  re d u c e d .’ I f  th e  medium (ground) has  a complex p e r m i t t i v i t y  and 
w i l l  s u p p o r t  lo s s y  co n d u c t io n  c u r r e n t s ,  th e n  t h e r e  i s  an a s s o c i a t e d  
a t t e n u a t i o n  c o n s ta n t
In  th e  case  o f  a  h a lf-w av e  r e s o n a n t  l i n e ,  t h i s  a t t e n u a t i o n  
f a c t o r  m a n i f e s t s  i t s e l f  by a  r e d u c t io n  i n  th e  Q o f  th e  re so n a n c e  r : 
a s -d e m o n s t r a te d  i n  C hap ter  T h re e , and i l l u s t r a t e d  in  F ig u re  118.
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The ex p e r im en ta l  d a t a  a re  p l o t t e d  in  f i g . 118, and f i g . 119 i l l u s t r a t e s  
the  n a tu r e  of the  phenomena.
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I t  i s  p o s t u l a t e d  t h a t  th e  e f f e c t i v e  phase  v e l o c i t y  may behave
as a f u n c t i o n  o f  th e  d i e l e c t r i c  c o n s ta n t  of and h e i g h t  above th e
ground as i n  a manner d e s c r ib e d  by f i g u r e  120. When th e  w ire  i s  some
d i s t a n c e  from t h e . i n t e r f a c e  th e  phase  v e l o c i t y  on th e  w ir e  c l e a r l y
approaches  t h a t  of.when: in  f r e e  s p a c e ,  l i k e w is e ,  when th e  w ire  i s
f u l l y  immersed in  th e  ground th e  phase  v e l o c i t y  on th e  w ire  app roaches
t h a t  com ensura ted  w i th  th e  r e l a t i v e  d i e l e c t r i c  c o n s ta n t  o r  wave number
(K ) o f  th e  g round-and  i s  g iv e n  by ^o . 
g 7e
g
As th e  w ire  approaches and p a s s e s  th ro u g h  th e  i n t e r f a c e  o f  th e  
two m edia, i t  becomes i n c r e a s i n g l y  d i f f i c u l t  to  measure th e  m o d if ied  
phase  v e l o c i t y ,  however i t  would appear  r e a s o n a b le  to  e x p e c t  th e  
c h a r a c t e r i s t i c  sho^Tn below:
D is ta n c e
from
i n t e r f a c e
phase
. v e l o c i t y
/eg .
> e£ n> £
F ig u re  120.
As th e  d i e l e c t r i c  c o n s ta n t  o f  th e  ground i n c r e a s e s ,  th e  e f f e c t  
on th e  m o d if ie d  phase  v e l o c i t y  i n c r e a s e s .
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4 .1 .3 T h e o r e t i c a l  A n a ly s is  o f  E f f e c t  o f  P ro x im i ty  of Ground
C o n s id e ra b le  e f f o r t  has  b een  d i r e c t e d  towards th e  a n a l y s i s  o f  
th e  c h a r a c t e r i s t i c s  o f  an a e r i a l  lo c a te d  a d j a c e n t  to  a d i s s i p a t i v e  
h a l f - s p a c e  b u t  i t  has  proved  a " fo rm id a b le  t a s k "  [WAIT (1 9 7 2 ) ] .  WAiT 
d e r iv e d  a  modal e q u a t io n  f o r  th e  wave number f o r  an assumed t r a v e l l i n g  
wave a long  an  i n f i n i t e l y  long  w ire  p a r a l l e l  t o  th e  h a l f - s p a c e ;  how ever, 
he esqpressed h i s  f i n a l  fo rm u la  i n  term s o f  an u n e v a lu a te d  i n t e g r a l  
(p .  678, eq n s .  3 0 -3 3 ) .  WU e t  a l  (1973) d e r iv e d  a s o l u t i o n  f o r  th e  c u r r e n t  
on and a d m it ta n c e  o f  a  c e n t r e  d r iv e n  i n s u l a t e d  d ip o l e  immersed i n  an 
am bient medium w i th  a c h a r a c t e r i s t i c  complex wave number much g r e a t e r  
in  m agnitude  th a n  th e  i n s u l a t i n g  m a t e r i a l .  Later,*WU e t  a l  (1974) 
g e n e r a l i s e d  t h e  th e o ry  to  in c lu d e  e c c e n t r i c  i n s u l a t o r s ,  th u s  • p u t t i n g
F ig u re  121
and
($ i s  th e  r e a l  p h ase  c o n s ta n t  and a  i s  th e  r e a l  a t t e n u a t i o n  c o n s ta n t )
© O
and assuming t h a t :  |K A  »  Ik
1 a  1 1 OS
and K d| «  1o > ■
alsor a2 «  d2
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th e n  th e  wave number on th e  a e r i a l  i s  shewn to  be :
K = K i 1 + A /(K  b)fl r  = $„ + j a 0 ,£ o {  o  g a j  £ J £ ’
ft = cosh- 1 { ( a 2 + b 2 -  D2) /2 a b }
00
A = H( l ^(K b ) /H ( l ^(K b) + 2 £ (Dx / h 2) 1^ 1^  b ) / H ( l ) (K b)o o g i g m" x o m g mn g
X© = C ^ ) { b 2 + D2 -  a 2) -  IG>2 +.D2 -  a 2! 2 -  4b2J)2J ^ }
a l lo w in g  th e  c u r r e n t  on th e  c y l in d e r  r a d i u s  a to  b e  r e p la c e d  by a  
l i n e  c u r r e n t  whose l o c a t i o n  i s  x o
The c h a r a c t e r i s t i c  impedance of  th e  l i n e  i s  g iv e n  by :
where § i s  
o
Now, to  o b t a in  i n  th e  l i m i t  when b °°, D <» w h i l s t  b -  D 
rem ains  f i x e d  and f i n i t e  ( i . e .  t h e  case  o f  a  w ir e  p a r a l l e l  t o  th e  h a l f ­
s p a c e ) ,  i t  i s  n e c e s s a ry  to  re d u c e  ft& and Aq t h u s :
= cosh” 1{ [ a 2 + d (b  + D ) ] ] / 2 a b c o s h _ 1 ( d / a )  -  l n ( 2 d / a )
( v a l i d  when a2 «  d2) .
' . y .
2ttK ’ o
th e  complex wave impedance o f  th e  su r ro u n d in g  i n s u l a t i o n .
, a o
w here:
and:
a l s o :
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Aq i s  l e s s  t r a c t a b l e ;  however, King and Wu (1974) w i th  r e c o u rs e  
to  Bateman (1953) have shown th a t  i t  may be reduced  to :
A
—2- = 2{1/A2 -  K (A) /A + j i r l  (A) /2A -  j  (A/3 + A3/45 + A5/1575 . . . ) }Kgt> 1 1
Where A = 2K d, s u b s t i t u t i o n  now y i e l d s  th e  complex wave number fo r
§
th e  a e r i a l  a d ja c e n t  to  th e  h a l f - s p a c e :
K = K {1 + [ 2 / l n ( 2 d / a ) ] [ l / ( 2 K  d ) 2 -  K (2K d)/2K  d
® & 1 g g Eqn 57
+ i 'irI1(2K d)/4K d -  i(2K d /3 )  + (2K d ) 3/45 + (2K d ) s /1575 + . . . ) ] }
8 8 8 § §
and a l s o  th e  c h a r a c t e r i s t i c  impedance can be o b ta in e d  from:
z ^  = (K £;§ /2ttK.^ ) cosh” 1 (d/a) = (K £§ /2ttK ) ln(2d/a) 
Equation5 7 was evaluated, with various values of E and
§
frequency, as a function of d to examine the effect of the proximity 
of a dielectric halfspace on the phase velocity of the wave travelling 
along the wire. This evaluation, however, is not straightforward as 
it necessitates the computation.of complex Bessel functions of high 
orders and several kinds. Routines were developed to compute these 
functions on the University’s ICL 1905 computer and checked against 
tables (where available).
The numerical results achieved from the evaluation of King 
and Wu’s analysis were not in agreement with the experimental data. 
Assuming the original analysis to be correct, a possible explanation 
for this discrepancy lies with the computation of the aforementioned 
Bessel functions, since the evaluation of equation (57) involves the 
difference of two very similar numbers, and the Bessel routines were 
of limited accuracy although computed to the limits of the local machine.
It was decided that a more detailed examination of this problem 
was better suited as a subject for a further study.
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4 .1 .4   A p p l i c a t io n  o f  th e  A nalyses  to  a F i e l d  Environm ent
R a d ia l  w ire  re so n an ces  may have c o n s id e r a b le  i n f l u e n c e  on th e  
o v e r a l l  pe rfo rm ance  o f  a f i e l d  r a d i o  i n s t a l l a t i o n  ( s e e  C hap te r  3 , 
f i g .  57 ) .  In  o r d e r  to  a c h ie v e  optimum perfo rm ance  from a sm a l l  
r a d i a l  ground sy s tem , th e  s t a t i o n  d e s ig n e r / o p e r a to r  r e q u i r e s  to  be 
aware o f  th e  fo l lo w in g :
(a) Do any re so n a n c e s  e x i s t  i n  th e  f req u en cy  bands to  be  used?
(b) I f  so ,  w hat i s  th e  n a t u r e  and d eg ree  o f  th e 'im p e d a n c e  
t r a n s fo rm a t io n s ?
(c) Over what bandw id th  a r e  th e  re so n a n c e s  e f f e c t i v e ?
(d) What a r e  t h e i r  dependance on a e r i a l  system  geom etry and 
ground c o n d i t io n s ?
(e) I f  o n ly  a  s i n g l e  f req u en cy  (o r  narrow  band) i s  to  b e  u s e d ,  th e n
w hat i s  th e  optimum r a d i a l  sy stem  to  employ?
The fo rm al a n a l y s i s  i s  too  complex and cumbersome to  be  o f  u se
i n  th e  f i e l d ;  h e n c e ,  some s im ple  g u id e l in e s  shou ld  b e  e s t a b l i s h e d .  
D ea ling  w i th  th e  q u e s t i o n s  above:
(a) To d e te rm in e  th e  approx im ate  f r e q u e n c ie s  o f  any re s o n a n c e s
th e  e m p i r i c a l  e x p re s s io n  i n  4 .1 .2  may be  used  to  a r r i v e  a t :
V3T •  #f  = n —  (h ig h  impedance r e s o n a n c e s ) .
where n = 1 , 2 ,  4 , 6  e t c .
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V
IT •f r h z= n 4"£ ( l ° w impedance re sonances  o c c u r r in g  a t  n = 1 
3, 5, 7 f  , e t c . )
Hence, f o r  long r a d i a l  w i r e s ,  s e v e r a l  re sonances  may e x i s t  
when o p e ra t in g  over wide bandw id ths .
(b) The approxim ate  re s o n a n t  impedance may be o b ta in e d  from:
R -  R + Ch2 C = c o n s ta n tae
X -  X + iae R
(c) The approxim ate bandwidth i s  g iven  by: 
R
Af = —
(d) The resonance  phenomena a re  h ig h ly  dependent on th e  e f f e c t i v e
ground c o n s ta n ts  -  £ and cr . The e f f e c t  of th e se  can be
8 8determ ined  by examining eq u a t io n s  in  4 .1 .2 .
(e) For an optimum, s in g l e  f req u e n c y ,  sm all  r a d i a l  system , £ shou ld  
be chosen to  be:
V
£ = r4f rhz
thus  u s in g  th e  f i r s t  q u a r t e r  wave re sonance  to  p ro v id e  a low 
impedance ground.
I t  can be seen  t h a t  by ju d i c io u s  use  o f  the  e m p i r ic a l  model, 
s im ple  e x p re s s io n s  f o r  th e  e f f e c t s  of ground c o n d u c t iv i ty ,  r e l a t i v e  
p e r m i t t i v i t y  and h e ig h t  above o r  below ground can be used to  p ro v id e  
in fo rm a t io n  on the  perform ance of a g iven  r a d i a l  system .
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4. 1.5_______ Measurement of E f f e c t i v e  Ground C onstan ts
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  above a n a ly s i s  may a l s o  be 
used i n  r e v e r s e  to  measure th e  e f f e c t i v e  ground c o n s ta n ts  by m easuring  
the  m od if ied  phase  v e l o c i t y  6n a h o r i z o n t a l 'w i r e ,  a t  v a ry in g  h e i g h t s  above 
th e  ground.A d e t a i l e d  e v a lu a t io n  of t h i s  method i s  beyond th e  scope o f  t h i s  
s tu d y ,  b u t  would appear to  p ro v id e  a r e l a t i v e l y  s im ple  and s t r a i g h t ­
forw ard  p ro ced u re  -  e s p e c i a l l y  i n  comparison to  th e  com plex ity  o f  many 
o f  th e  methods c u r r e n t ly  u s e d ( i . e .  w a v e t i l t ,  p ro b e s ,  e t c . ) .
The value of e derived from the radial resonance phase velocity 
g
was close to that derived from the sample measurement:
e ( r a d i a l )  = 3 2  e (sample) = 33-35
S S
4.2 SYSTEM-Q IN A MOBILE ENVIRONMENT
In  th e  course  of m easuring  th e  base  impedance c h a r a c t e r i s t i c s  o f  
a s t a t i c  4 m etre  whip, i t  was observed  th a t  a p r e c i s e  n u l l  was o f t e n  
d i f f i c u l t  to  o b ta in  under windy c o n d i t io n s .  Even a sm a l l  amount of 
whip movement gave r i s e  to  n o t i c e a b le  v a r i a t i o n s  i n  th e  measured b ase  
impedance and in  p a r t i c u l a r  i n  th e  r e a c t i v e  component. These were 
due to  sm all  v a r i a t i o n s  i n  th e  com posite a e r i a l  c a p a c i ta n c e  g iv in g  r i s e  
to  s i g n i f i c a n t  changes in  th e  measured r e a c t i v e  component. The t o t a l  
r e s i s t i v e  component remained s u b s t a n t i a l l y  u n a l t e r e d ;  however, due to  
th e  r e l a t i v e l y  sm all  v a lu e s  o f  r a d i a t i o n  r e s i s t a n c e  a t  low f r e q u e n c ie s  
when compared to  th e  lo s s  r e s i s t a n c e ,  i t  was p o s s i b l e  t h a t  any s l i g h t  
change in  would rem ain u n d e te c te d .
I t  was dec ided  to  i n v e s t i g a t e  t h i s  phenomenon f u r t h e r  as i t  was 
r e l e v a n t  to  a f i e l d  s i t u a t i o n  and more e s p e c i a l l y  to  a m obile  
env ironm ent,  where th e re  may be c o n s id e ra b le  movement of th e  whip 
w h i l s t  the  v e h i c le  i s  in  m otion . I t  was su b se q u en tly  r e p o r te d  from 
f i e l d  t r i a l s  th a t  fa d in g  (some 6 - 1 0  dB) was commonly e x p e r ie n c e d  
i n  m obile  HF r a d io  systems as soon as one o r  bo th  o f  th e  v e h i c l e s  
began moving. A communications channel e s t a b l i s h e d  w h i l s t  th e  
v e h ic le s  were s t a t i o n a r y  o f te n  became unusab le  once the  v e h i c l e s  
began to  move.
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I f  th e  impedance v a r i a t i o n s  due to  whip movement a r e  l a r g e  enough, 
a  s e r io u s  r e d u c t io n  i n  r a d i a t e d  power w i l l  occur i n  a h igh-Q  a e r i a l  
system . As th e  whip f l e x e s  from an u p r ig h t  p o s i t i o n ,  th e  v . s . w . r .  w i l l  
i n c r e a s e  from  i t s -n o rm a l ly  matched c o n d i t io n .  I t  w i l l  be shown t h a t  
under s e v e re  c o n d i t io n s  a p e r f e c t  a e r i a l  match may be degraded  to  a 
v . s . w . r .  t y p i c a l l y  o f  2 7 :1 ,  r e s u l t i n g  i n  a drop i n  r a d i a t e d  power of 
up t o  9 dB. A lthough  co n t in u o u s  a u to m a t ic  r e - t u n i n g  i s  t e c h n i c a l l y  
f e a s i b l e ,  i t  would be  d i f f i c u l t  i n  p r a c t i c e  to  a c h ie v e  r e l i a b l e  o p e r a t io n  
under f i e l d  c o n d i t i o n s .
4 .2 .1 _______ C a l c u la t i o n  o f  th e  D e g ra d a t io n  o f  v . s . w . r .  and th e  Power
Loss due to  Whip Movement
The t h e o r e t i c a l  a n a l y s i s  of th e  e f f e c t  on b a se  r a d i a t i o n  impedance 
of whip d e fo rm a tio n  i s  ex tre m e ly  complex. This  i s  due to  th e  in d e te r m in a te  
m o d i f i c a t io n  to  th e  c u r r e n t  d i s t r i b u t i o n  on th e  a e r i a l ,  w hich may no 
lo n g e r  be c o n s id e re d  s i n u s o i d a l , n o r  may th e  a z im u th a l  r a d i a t i o n  p a t t e r n  
be c o n s id e re d  s y m m e tr ic a l .  Such an a n a l y s i s  i s  beyond th e  sco p e  o f  
t h i s  i n v e s t i g a t i o n ;  however, a s e r i e s  o f  experim en ts  have been  c a r r i e d  
o u t  t o  e s t im a te  th e  d eg ree  to  which th e  measured b a s e  impedance i s  
m o d if ied  by whip movement i n  a p o r t a b l e  env ironm en t.  M easurements o f  
a 4 -m whip which has  been f  lex ed  from an u p r ig h t  p o s i t i o n  i n d i c a t e  
a maximum d e c re a s e  ; i n  c a p a c i t i v e  r e a c ta n c e  o f ;  aboutj';20
The e f f e c t  o f  t h i s  m o d i f i c a t io n  to  th e  b ase  impedance on th e  
r a d i a t e d  power l e v e l  can be examined in  d e t a i l  as  f o l lo w s :
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L e t :  Ax be th e  maximum c a p a c i t i v e  r e a c t a n c e  v a r i a t i o n
Ar be th e  maximum r e s i s t i v e  component v a r i a t i o n
K be  th e  in s t a n ta n e o u s  p r o p o r t i o n  o f  th e  maximum r e a c t a n c e
change (Ax) caused  by whip movement (0 £ K £ 1)
p be th e  r e f l e c t i o n  c o e f f i c i e n t  (Z_ -  Z /(Z + Z )L o J-i o
s be  th e  v . s . w . r .  
w here: ( a e r i a l  tu n e d ) ,
Z' = R “ jX + j } L -  jAx +Ar = R + Ar -  Ax (A .eria l o f f  b ae ae L ae
tune  due to  whip movement)
(Rg + Rgj + R^ + R^) and a t  low f r e q u e n c ie s  (below 5MHz)
(R + Rt>t + »  R , and hence  v a r i a t i o n s  i n  R due tog Bl r*  ae
changing  R^ may be  e x tre m e ly  sm all ,  and may be ig n o re d .
Now
P (R -  jKAx) + Rc10 *
(R -  jKAx) -  R ae iae
ae
1
P *R 9
1 + 2j ae
KAx
1o r , P
.  W1 + 2j ae
K
n o rm a l is in g  by p u t t i n g  W f o r
3 .6
Rae
Hence 2 1P
_ 1 + /  p 2 
where v . s . w . r .  : s "  x -  / " p " 2"
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Prim ary  i n t e r e s t  i s  i n  th e  p r o p o r t i o n  of  th e  t r a n s m i t  power a v a i l a b l e  
to  an i n i t i a l l y  p e r f e c t l y  matched a e r i a l  t h a t  i s  l o s t  owing to  mismatch 
r e s u l t i n g  from s u b se q u e n t  a e r i a l  sway; by r e c i p r o c i t y ,  t h i s  lo s s  w i l l  
a l s o  be e v id e n t  d u r in g  r e c e p t io n .  •
The t o t a l  f r a c t i o n a l  power l o s s , .  P ^ , i s
however
hence
P = P -^11 
T P rad
where
P. P . , + .P . + P ,m  mismatch lo s s  r a d
PT (dB) = 10 log  ( | i | d )
P = m
The f r a c t i o n a l  Power r e d u c t io n
due to  m ism atch; P . i s  nr
P = FORWARD
m p -  p
FORWARD REFLECTED
{1 l+,2Wae 2} 
'  K '
p = K2 + (2Wae)2 
m (2Wae)2 f r a c t i o n a l  power r e d u c t io n  due to  
mismatch caused  by whip movement.
~ r K2+ (2Wae)2 ,
m (dB) = 10 log{ " ' (2Wae)^ }
For exam ple, R may be t y p i c a l l y  abou t 6 Q (whip mounted above a36
v e h i c l e  r o o f  o r  r a d i a l s  betw een 1 and 5 MHz) and measurements have 
i n d i c a t e d  Ax to  be  a b o u t 20 £3 , w o r s t  c a s e .
Then,
R
W = = 0#3ae Ax
P (dB) -  5*8 dB max
m .... ... ..
and v . s . w . r .  -  13 :1  max (from  an i n i t i a l  p e r f e c t  match)
F ig u re s  122 and 123 show th e  v a r i a t i o n  i n  v . s . w . r .  and s i g n a l  
lo s s  as f u n c t io n s  o f  W ^ , , fo r  K; = 1 (w orst c a s e ) ;  how ever, un d er  f i e l d  
c o n d i t io n s  R i s - r a r e l y  l e s s  th a n  about 4 Q which co rre sp o n d s  to
3 6
WAE= ° - 2 -
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MAXIMUM POWER REDUCTION
DUE TO FLEXING OF WHIP AERIAL VERSUS
NORMALISED AERIAL RESISTANCE (W )a e
( i e .  when K = 1 .0 )
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Figure 123
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From f i g .  124, i t  i s  a p p a re n t  t h a t  above W = 0 * 8  the  power lo s s  w i l l  
n o t  exceed 1*5 dB and may be  c o n s id e re d  a c c e p ta b l e .  W = 0 * 830
co rresp o n d s  to  R = 1 6  9 ,  when Ax = 20 £}, and i s  t y p i c a l  o f  a no n -
30
optimum ground system . Thus, th e  ran g e  o f  v a lu e s  o f  W o f  p r a c t i c a l
30
i n t e r e s t  i s  W = 0*1 to  0*8. At W = 0*2 th e  v . s . w . r .  w i l l  r e a c h  . ae  ae
27 :1  and th e  mism atch power r e d u c t io n  w i l l  be  8*6 dB, w hereas  a t
W = 0 * 8  th e  v . s . w . r .  w i l l  r e a c h  3*3:1  and th e  mismatch power ae
r e d u c t io n  w i l l  be  on ly  1*4 dB.
The above d em o n s tra te s  t h a t  s i g n a l  f a d in g  due to  whip movement 
i s  o n ly  a s e r i o u s l y  d eg rad in g  f a c t o r  when R i s  l e s s  th a n  a b o u t 16 9
30
and hence  o n ly  r e l e v a n t  to  h ig h  perfo rm ance  a e r i a l  sy s tem s .  I t  may 
be  a p p r e c ia t e d  t h a t  i f  t h e  system-Q were to  be  d e l i b e r a t e l y .re d u c e d ,  
by th e  i n t r o d u c t i o n  o f  some lo s s  r e s i s t a n c e ,  th e n  th e  e f f e c t  o f  th e  
change i n  r e a c t a n c e  of th e  whip ( i . e .  W ) and hence th e  d ep th  o f  fa d e
30
w i l l  a l s o  be r e d u c e d .  T h is  can o n ly  be a c h ie v e d ,  how ever, a t  th e  
expense  o f  some o v e r a l l  r e d u c t io n  o f  th e  " o n - tu n e "  r a d i a t e d  pow er.
In  e f f e c t ,  under c e r t a i n  f i e l d / m o b i l e  c o n d i t i o n s ,  i t  may be 
p r e f e r a b l e  to  s a c r i f i c e  some r a d i a t e d  power i n  o rd e r  to  re d u c e  s i g n a l  
f a d in g  due to  whip movement.
4 . 2 ‘. 2______  Improvements i n  Communications E f f i c i e n c y  by th e  D e l i b e r a t e
R ed u c t io n  o f  System-Q by A d d i t io n a l  S e r i e s  R e s i s t a n ce
We s h a l l  now a n a ly se  th e  e f f e c t  o f  th e  d e l i b e r a t e  r e d u c t io n  o f  
system-Q by th e  a d d i t i o n  o f  s e r i e s  r e s i s t a n c e  (R ) i n t o  th e  a e r i a l* OX.
c i r c u i t :
R = r e s i s t a n c e  added d e l i b e r a t e l y
R^^t = R^e + R = T o ta l  r e s i s t i v e  component
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The e f f e c t  of t h i s  added r e s i s t a n c e  on th e  maximum v . s . w . r .  
and power r e d u c t i o n  may be  seen  from  th e  f o l lo w in g ,  by in c lu d in g
^ O T i n s t e a d  o f  R : ae
W,
R + R ’ - ^ O T
TOT
ae d£ 
Ax Ax
P =
1 -
2W,TOT
K
V. V,
1 +
2W,TOT
K
and s = 1 +1 - = v . s . w . r .
However, th e  f r a c t i o n a l  power lo s s  due to  th e  added r e s i s t a n c e
i s :
■n R + R,„PJn ae d£dx, = ------------------
Rae
and th e  t o t a l  f r a c t i o n a l  power r e d u c t io n  in  dB:
PI 0 I  = 10 lo g (P d , )  + 10 log (P m)
now, P 1n Rae + Rd£ d£ = --------- :----- --
ae
W.TOT
Wae
and, p ,  k 2+ (2V 2m = -------------------
<-2v„ J zae
PT0T(dB) = 10 log
2 2
K + (2W )ae
4 W .W TOT ae
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There i s  an optimum v a lu e  o f  to  p roduce  a minimum w o rs t  case  
v . s . w . r .  and power r e d u c t io n  ( i . e .  a t  th e  f u r t h e s t  p o in t  o f  sway).
The optimum c o n d i t io n  i s :
P = T? + P =TOT ae eft 2 ’
i . e .  WTQT = j
The r e f l e c t i o n  c o e f f i c i e n t  becomes:
an d : I p I 2 = --------
1 + ( | ) 2
p | ( i . e .  when K = 1) = —
J~2
S may th e n  b e  shown to  be 5*8:1  and th e  power r e d u c t io n  under max J r
o p tim ise d  c o n d i t io n s  th e n  becomes:
:Vr = 10 log dBae
I t  may n o t  be  p o s s i b l e  to  s e l e c t  an optimum R o u n d e r  f i e l d  
c o n d i t io n s  as i t  may be in c o n v e n ie n t  to  m easure R , i n  which case  
a f ix e d  v a lu e  o f  R^m ay be  i n s e r t e d  and s t i l l  a c h ie v e  some 
improvement. I f ,  how ever, R exceeds A x/2 , th en  th e r e  i s  l i t t l e  to36
be g a in ed  by add ing  any d e l i b e r a t e  r e s i s t a n c e ,  s in c e  R ^ w o u ld  have  to  
be  n e g a t iv e  to  b r in g  th e  system  back  to  optimum.
The e f f e c t  o f  m a in ta in in g  a f ix e d  v a lu e  o f  R ^ i s  d em o n s tra ted
by f i g s . 125 and 126. R ^ h a s  been  chosen to  be  optimum a t  W ■■= 0 3 - ......
and th e n  k e p t  p e rm an en tly  a t  t h a t  v a lu e  r e g a r d l e s s  o f  Wae
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4 .2 .3 ._______ Communications E f f i c i e n c y  Improvement by D e l i b e r a t e  Mismatch
A nother approach  i s  to  re d u c e  th e  e f f e c t i v e  system-Q by d e l i b e r a t e  
m ism atch. I n  t h i s  c a s e ,  th e  a e r i a l  i s  matched w i th  th e  added s e r i e s  
r e s i s t a n c e  i n  c i r c u i t ;  how ever, t h e  r e s i s t a n c e  i s  th e n  removed and 
th e  system  o p e ra te d  w i th  a d e l i b e r a t e  m ism atch, t h e r e f o r e  no power i s  
l o s t  to  i t  d u r in g  o p e r a t io n  ( i . e .  no r e a l  power d i s s i p a t e d ) .
A gain , p =
P =
Zb - "b (R + jKAx) ae ~ rtot
\ + V (R + jKAx) ae + ^ O T
(Rae rtot*
.+ jKAx
(Rae “ RrpQl)
+ jKAx
(Wae -  W ) TOT
+ jK
n _
P "  (Wae  + WTOT> +
, l2 (Wae  -  WTOT)2 + K2
Hence> Ip I ■ ( S - '  + wJ  + K*
Now, power r e d u c t io n  due to  mism atch on ly  ( i . e .  o p e r a t i o n a l  c o n d i t io n )  
p -  1 ... -m (1 “ J p | z )
1P =
m x _ f (Wae "  WX0T)2 +
(Wae + WT0T)2 + K2
-  (Wae * + R2
4 Wa e - WTOT
power r e d u c t io n  i n  dB:
f (Wae  + WTOT)2 + KV  
P(dB) = 10 log  - - 4 w- - °h ---------\  (dB)
1 ae  TOT >
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The r e s i s t a n c e  added i n i t i a l l y  may be o p tim ised  f o r  minimum 
power r e d u c t io n  under maximum f l e x i n g  c o n d i t io n s :
(W + W ) 2 + K2„. p _ ae 101____
S ince : 4 W .W *
ae TOT
when K = 1: P = (Wae + W  + 1 
4 Wa e -WTOT
So 6P
(W,TOT Wae 1)
6W,TOT 4W .W 2 ae TOT
Thus, th e  power r e d u c t io n  i s  m inim ised when:
\j = / w  2 + 1 TOT ae
The r e f l e c t i o n  c o e f f i c i e n t  co rresp o n d in g  to  an optimum v a lu e  o f  
may be o b ta in e d  by s u b s t i t u t i n g  e q u a t io n  ( ) i n t o
W -  /(W  2 + 1) + jKae ae
W + / (W  2 + 1) + jKae ae
W -  (W 2 + 1) + K22 _ ae______ae____________
W + (W 2 + 1) + K2ae ae
The power r e d u c t io n  co rresp o n d in g  to  an optimum v a lu e  of
R, i s :d
P(dB) = 10 log
(W + /(W  2 + l ) ) 2 + K2ae ae
4W /(W  2 + 1)ae ae
S im i la r  d i f f i c u l t i e s  a r i s e  when a t te m p t in g  to  o p t im is e  R^ under 
f i e l d  c o n d i t io n s ,  to  those  d e s c r ib e d  in  3 .3 .2 ,  and a c o n s ta n t  v a lu e  of 
R^ may be used w ith  l i t t l e  d e g ra d a t io n  of perform ance from th e  optimum 
c o n d i t io n .
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5 .  APPLICATION TO OPERATIONAL SYSTEMS .
C hap te r  5 d i s c u s s e s  th e  a p p l i c a t i o n  o f  th e  r e s u l t s  o f  t h i s  t h e s i s  
to  o p e r a t i o n a l  f i e l d  r a d io  i n s t a l l a t i o n s ,  f i r s t l y  by o u t l i n i n g  a 
p ro c e d u re  f o r  th e  d e s ig n  o f  optimum a e r i a l /A .T .U .  system s and seco n d ly  
by i n d i c a t i n g  how to  employ v a r io u s  s im ple  c o n f ig u r a t io n s  to  b e s t  
a d v a n ta g e .
5 .1  OPTIMUM AERIAL AND A.T.U. DESIGN CRITERIA
We s h a l l  now exam ine, i n  th e  l i g h t  o f  th e  f i e l d  m easurem ents and 
th e  t h e o r e t i c a l  a n a l y s i s ,  th e  f a c t o r s  which c o n t r i b u t e  tow ards an 
optimum h . f . f i e l d  communications system . The aim i s  to  e s t a b l i s h  
p r a c t i c a l  g u id e l in e s  to  e n a b le  f i e l d  r a d io  o p e r a to r s  and d e s ig n e r s  
to  a c h ie v e  th e  maximum communications e f f i c i e n c y  w i th i n  th e  c o n s t r a i n t s  
o f  t h e i r  en v ironm en t.
I t  i s  c o n v e n ie n t  to  approach  th e  d e s ig n  o f  such a sy stem  
i n i t i a l l y  by a n a ly s in g  th e  r e q u ire m e n ts  o f  an a e r i a l  system  assumed 
to  b e  f e d  v i a  a l o s s l e s s  A .T .U . , and th e n  l a t e r  by in c lu d in g  th e  
e f f e c t  o f  in t r o d u c in g  th e  p r a c t i c a l  A.T.U. l o s s e s .
5 . 1 . 1  D e s i r a b le  SyStem-Q C h a r a c t e r i s t i c
F ig u re  131 shows th e  maximum l i m i t s  o f  th e  System-Q c h a r a c t e r i s t i c  
as a f u n c t i o n  o f  f req u en cy  f o r  a l o s s l e s s  4 m whip a e r i a l  sy s tem  
c o n s t r a in e d  by a minimum o p e r a t in g  bandw id th  of 10 KHz.
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f  r e p r e s e n t s  th e  f req u en cy  a t  which th e  system  changed from 
b e in g  bandw id th  l i m i t e d  to  b e in g  l i m i t e d  by th e  fundam enta l r a d i a t i o n - Q ,  
i . e .  by th e  p h y s i c a l  d im ensions  o f  th e  a e r i a l  s t r u c t u r e .  Below f me
a c e r t a i n  amount o f  lo s s  r e s i s t a n c e  i s  i n  f a c t  n e c e s s a ry  to  m a in ta in
th e  system-Q to  t h a t  p e r m i s s i b l e ;  however, above f  any lo s s  r e s i s t a n c eme
r e s u l t s  i n  a r e d u c t io n  i n  th e  maximum a c h ie v a b le  perfo rm ance  and hence  
s h o u ld  be m in im ised .
' f me i s  a l s o  th e  lo w es t  f req u en cy  a t  w hich , i n  a  l o s s l e s s  sy s tem , 
100% r a d i a t i o n  e f f i c i e n c y  may t h e o r e t i c a l l y  be o b ta in e d  b e f o r e  i t  i s  
n e c e s s a ry  to  in t r o d u c e  lo s s  r e s i s t a n c e  d e l i b e r a t e l y  to  m a in ta in  o p e r a t in g  
bandw id th .
5 .1 .2 ________T y p ic a l  System-Q E x p er ien ced  w i th  P o r ta b l e  I n s t a l l a t i o n s
F ig u re s  132 to  13% how ever, i l l u s t r a t e  how th e  system-Q ;
c h a r a c t e r i s t i c s  of s e v e r a l  common, s im p le  a e r i a l  c o n f ig u r a t i o n s  a r e ,
q u i t e  c l e a r l y ,  f a r  from optimum e x c e p t  a t  one o r  two s p o t  f r e q u e n c i e s .
1
In  f i g u r e  132 th e  system-Q o f  th e  whip w i th  an e a r t h s p i k e  i s ,  as 
e x p e c te d ,  g e n e r a l l y  v e ry  p o o r ;  how ever, i t  i s  o f  i n t e r e s t  to  n o te  t h a t  
a t  th e  low es t  f req u en cy  m easured th e  system  i s  in d eed  a t  optimum.
Thus, i f  o p e r a t io n  i s  in te n d e d  o n ly  a t  1 MHz th e n  t h e r e  i s  n o th in g  to  
be g a in ed  by p r o v id in g  a more e l a b o r a t e  ground sy s tem  th a n  t h e  s im p le  
e a r t h s p i k e  ( th e  system  i s ,  o f  c o u r s e ,  h ig h l y  i n e f f i c i e n t  a t  o th e r  
f r e q u e n c i e s ) .
F ig u re  133 shows th e  g e n e r a l  improvement i n  system -Q  g a in e d  by 
ex te n d in g  th e  g ro u n d p lan e ;  how ever, th e  system  i s  now bandwidtlv- 
l i m i t e d  below f* and can on ly  be r e s t o r e d  to  optimum by d e l i b e r a t e l y  
in c lu d in g  some s e r i e s  r e s i s t a n c e .
As th e  s i z e  of th e  r a d i a l  g roundp lane  i s  i n c r e a s e d ,  im provements 
a r e  e v id e n t  a t  c e r t a i n  f r e q u e n c ie s  b u t  r a d i a l  re so n a n c e s  cause  a  r a p i d  
d e t e r i o r a t i o n  i n  perfo rm ance  around  th e  r e s o n a n t  f re q u e n c y  ( f i g s .  134 
and 1 3 ^ .  i n  g e n e r a l ,  th e  more e x t e n s iv e  r a d i a l  system s p roduce  an
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improvement i n  system-Q a t  low f r e q u e n c ie s ;  however, t h i s  g iv e s  r i s e  
to  a f u r t h e r  r e d u c t io n  i n  system  bandw idth  and may n o t  be  o f  v a lu e  
u n le s s  a n a rro w er  o p e r a t in g  bandw id th  can be  t o l e r a t e d  ( i t  may e a se  
th e  r e q u ire m e n ts  on th e  A .T .U .,  however -  s ee  5 . 1 . 5 ) .
The c h a r a c t e r i s t i c  o f  th e  m ost e x te n s iv e  g roundp lane  m easured  
i s  shown i n  f i g u r e  137, and i n  t h i s  case  f a r  exceeds th e  maximum Q 
p e r m i s s i b l e  below  f T and co n se q u e n t ly  th e  system  bandw id th  would be  
e x tre m e ly  l i m i t e d .  Above f T i t  approaches  th e  optimum more c l o s e l y  
th a n  any o f  th e  p re v io u s  c o n f ig u r a t io n s ;  however, a t  f 11 th e  m easured  
system-Q exceeds t h e  t h e o r e t i c a l  maximum v a lu e  (computed from th e  
a e r i a l  d im ensions)  -  t h i s  i s  a r e s u l t  o f  m o d i f i c a t io n  o f  th e  p r e d i c t e d  
r a d i a t i o n  r e s i s t a n c e  and r e a c ta n c e  due to  th e  p re s e n c e  o f  an inhomogeneous 
and f i n i t e  ground'.
E le v a te d  r a t h e r  th a n  g round-based  r a d i a l s  can be  s e e n  to  p o s s e s s  
a more f a v o u ra b le  c h a r a c t e r i s t i c  ( f i g s . 138 & 139)and i n  f a c t  th e  s h o r t e r  
16 f t .  r a d i a l s  ap p ea r  g e n e r a l ly  c l o s e r  to  th e  optimum, w i th  a 
c h a r a c t e r i s t i c  s i m i l a r  to  t h a t  o f  th e  aluminium s h e e t  ( th e  b e n e f i t s  
i n  term s o f  p h y s i c a l  s i z e  and c o s t  a r e  o b v io u s ) .
C le a r ly ,  an a e r i a l  sy stem  w i th  a Q c h a r a c t e r i s t i c  t a i l o r e d  to  
th e  optimum ' would be d e s i r a b l e  and i n ' f a c t  f i g u r e  83 shows
t h a t  t h i s  i s  n e a r l y  ach iev ed  by an a e r i a l  system  u s in g  s i x  32 f t .  and 
s i x  16 f t .  r a d i a l s  on the. g round.
5 . 1 .3  T y p ic a l  System-Q E x p er ien ced  i n  a M obile Environm ent
The system-Q c h a r a c t e r i s t i c  o f  a 4 m whip mounted on a  v e h i c l e  
can b e  examined i n  a s i m i l a r  m anner. F ig u re s l4 0  and 141 i n d i c a t e  th e  
degree  to  w hich  th e s e  a e r i a l  system s approach  th e  optimum. I t  i s  
i n t e r e s t i n g  to  n o te  t h a t  th e se  system s ap p ea r  to  be  c l o s e r  to  th e  
optimum th a n  many o f  th e  more e x t e n s iv e  and e l a b o r a t e  ground w ir e  
system s e v a lu a te d  -  e x c e p t ,  o f  c o u r s e ,  a t  r e so n a n c e .
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5 . 1 .  4________D esign  P ro ced u re s  f o r  an Optimum A e r i a l  System
The p re v io u s  s e c t i o n  has  p ro v id e d  a method f o r  computing th e  
system-Q c h a r a c t e r i s t i c ,  as  a f u n c t io n  o f  f re q u e n c y ,  f o r  an optimum 
perfo rm ance  a e r i a l  sy s tem  f o r  any a p p l i c a t i o n .  Given o n ly  th e  
o p e r a t in g  bandw id th  d e s i r e d ,  a e r i a l  le n g th  and r a d i u s ,  and th e  
f req u en cy  range  of i n t e r e s t ,  i t  i s  now p o s s i b l e  to  t r a n s l a t e  th e  
system-Q c h a r a c t e r i s t i c  i n t o  a b a se  impedance c h a r a c t e r i s t i c  w hich , 
i n  t u r n ,  may b e  e x p re s s e d  i n  term s o f  a r e s i s t i v e  and r e a c t i v e  
component as a f u n c t i o n  o f  f re q u e n c y .
I t  has  been  found i n  c h a p te r  3 t h a t  th e  p e r c e n ta g e  d e v i a t i o n
of th e  v a lu e s  o f  b a se  r e a c ta n c e  from th o se  p r e d i c t e d  by s im p le  th e o ry  
i s ,  i n  g e n e r a l ,  h o t  g r e a t  f o r  th o s e  a e r i a l  c o n f ig u r a t i o n s  i n v e s t i g a t e d .  
I f ,  t h e r e f o r e ,  a  nom inal r e a c ta n c e  c h a r a c t e r i s t i c  i s  assumed, th e  
optimum b a s e  r e s i s t a n c e  as a f u n c t io n  o f  f re q u e n c y  can  be  d e te rm in e d .
For exam ple, c o n s id e r ,  i n i t i a l l y ,  an a e r i a l  sy s tem  f r e e  from any 
A.T.U. lo s s e s  and w i th  th e  fo l lo w in g  d e s ig n  p a ra m e te r s :
Frequency  ran g e  : 1 to  15 MHz
O p e ra t in g  bandw idth  : 10 KHz
A e r i a l  l e n g th  : 4*0 m e tre s ;  r a d iu s  : 0»01 m e tre
The optimum system-Q c h a r a c t e r i s t i c  f o r  such a system  i s  shown 
i n  f i g u r e  142 and i s  t r a n s l a t e d  i n t o  a b a se  r e s i s t a n c e  c h a r a c t e r i s t i c  
i n  f i g u r e  143L. Note : th e s e  c h a r a c t e r i s t i c s  a re  f o r  an  optimum 
a e r i a l  system  fe d  v i a  a l o s s l e s s  A.T.U.
5 .1 .5  Desiigh P ro ced u res  f o r  an Optimum A .T.U .
/
The o v e r a l l  system  c h a r a c t e r i s t i c ,  computed i n  5 . 1 . 3 ,  may be 
t r a n s l a t e d  d i r e c t l y  i n t o  th e  a e r i a l  b a se  r e s i s t a n c e  o n ly  i f  a l o s s l e s s  
m atch ing  ne tw ork  i s  assumed. When a lo s s y  A.T.U. i s  i n c lu d e d ,  th e  
o v e r a l l  sy s tem  r e s i s t a n c e  c h a r a c t e r i s t i c  rem ains u n a l t e r e d ;  how ever,  
th e  optimum a e r i a l  b a s e  r e s i s t a n c e  has  to  be  m o d if ie d .
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2 1 1
C o n s id e ra b le  e f f o r t  h a s  b een  d i r e c t e d  tow ards th e  c o n s t r u c t i o n  
o f  v e ry  h ig h  Q A .T .U .s  ( e . g .  P .R . L . ) ,  i n  many cases  w i th o u t  a p ro p e r  
a sse ssm en t o f  th e  optimum Q - c h a r a c t e r i s t i c  o f  th e  A.T.U. when ta k en  i n  
th e  c o n te x t  o f  th e  a e r i a l  system  w i th  w hich i t  i s  to  be  u sed .  I t  has  
b een  d em o n s tra ted  i n  2 .1 .6  t h a t ,  i n  a l o s s l e s s  sy s tem , th e  A.T.U .-Q  
has  t o  b e  k e p t  low i f  th e  sy stem  i s  n o t  to  become bandw id th  l i m i t e d ,  
and t h e r e  i s  a c o r re sp o n d in g  d e l i b e r a t e  lo s s  r e s i s t a n c e  r e q u i r e d  to  
o p t im is e  th e  system . In  a p r a c t i c a l  system , t h i s  lo s s  r e s i s t a n c e  i s  
a l r e a d y  p r e s e n t  and com prises  two main components -  th e  ground lo s s  
r e s i s t a n c e  and th e  A.T.U. lo s s  r e s i s t a n c e .  Having computed th e  
o v e r a l l  sy stem  lo s s  c h a r a c t e r i s t i c ,  an e n g in e e r in g  d e c i s io n  h a s  to  be  
made as to  th e  r e l a t i v e  p r o p o r t i o n s  to  b e  c o n t r i b u te d  by th e  a e r i a l  
system  and th e  A.T.U.
I t  i s  c o n v e n ie n t  to  c o n s id e r  th e  system-Q c h a r a c t e r i s t i c  i n  two 
s e c t i o n s ,  f i r s t l y  a t  f r e q u e n c ie s  below f me> and s e c o n d ly  a t  f r e q u e n c ie s  
above f me
5 . 1 . 5 . 1  FREQUENCIES BELOW f
Below f  , th e  system  i s  bandw id th  l i m i t e d  and th e  fundam en ta l  me’ ^
o p e r a t i o n a l  l i m i t a t i o n s  d i s c u s s e d  i n  2 .1 .6  l i m i t  th e  maximum 
communications e f f i c i e n c y  to  t h a t  shown i n  T ab le  1. I t  i s  
n e c e s s a ry  f o r  an optimum system  to  p o s se s s  a  c e r t a i n  amount 
o f  lo s s  r e s i s t a n c e  p ro v id e d  p r im a r i ly  by Rg + R^; how ever, th e  
r e l a t i v e  q u a n t i t i e s  a r e  dependen t upon s e v e r a l  d e s ig n  c r i t e r i a  
w hich them se lves  a r e  dependen t upon th e  p a r t i c u l a r  a p p l i c a t i o n .
I t  i s  beyond th e  scope o f  t h i s  s tu d y  to  p ro v id e  i n d i v i d u a l  d e s ig n  
d e t a i l s  f o r  a w ide ran g e  o f  p a r t i c u l a r  a p p l i c a t i o n s ,  b u t  r a t h e r  
to  h i g h l i g h t  im p o r ta n t  f a c t o r s  and to  o u t l i n e  th e  g e n e r a l  d e s ig n  
p ro c e d u re  t h a t  w i l l  r e s u l t  i n  an o p t im ise d  com m unications sy s tem . 
There a r e  c e r t a i n  d e s ig n  c r i t e r i a  which have to  be  e s t a b l i s h e d :
(a)  The maximum p r a c t i c a b l e  v a lu e  o f  A.T.U. Q;
(b) The minimum v a lu e  o f  A.T.U. Q a c c e p ta b le  due to  d i s s i p a t i o n  
l i m i t a t i o n s  i n  th e  A .T .U .;
(c )  The a e r i a l  b a se  r e s i s t a n c e  c h a r a c t e r i s t i c s  o f  th e  a e r i a l  
system s i n  mind f o r  th e  a p p l i c a t i o n ;
(d) Maximum t r a n s m i t t e r  o u tp u t  power.
2 1 2
The p ro c e d u re  i s  b e s t  dem o n stra ted  by an example:
An A.T.U. i s  to  be used  i n  an o p t im ise d  system  w i th  th e  
fo l lo w in g  d e s ig n  p a ra m e te r s :
A e r i a l :
Tx o u tp u t  power :
Max. A.T.U. d i s s i p a t i o n  :
Min. o p e r a t in g  bandw idth  :
Max. f r a c t i o n a l  A.T.U.
lo s s  above f  :me
The maximum A.T.U. d i s s i p a t i o n  i s  40 w a t t s ,  th u s :
< 0 . 4
F ig u re  144 i l l u s t r a t e s  th e  d e s ig n  p r o c e d u re s .  Q = 2 .5  Q i s
1j  o
p l o t t e d  as a f u n c t io n  o f  f req u en cy  up to  f  and r e p r e s e n t s
th e  A.T.U. minimum-Q c h a r a c t e r i s t i c  m a in ta in in g  th e  A.T.U.
d i s s i p a t i o n  w i th i n  40 w a t t s .
5 . 1 . 5 . 2  FREQUENCIES ABOVE f    me
Above f  th e  system  i s  no lo n g e r  b a n d w id th - l im i te d  and th e  me
A.T.U .-Q  cou ld  to  a v a lu e  l i m i t e d  on ly  by th e  r a d i a t i o n - Q  o f
th e  a e r i a l  sy stem  and th e  c o r re sp o n d in g  a c c e p ta b l e  A.T.U. l o s s  '
f a c t o r .  Above f  th e  sy stem  cou ld  b e , t h e o r e t i c a l l y , 100% e f f i c i e n t  me
-  i f  t h e r e  w ere no c i r c u i t  l o s s e s .  I t  i s  im p o s s ib le  to  make
th e  A.T.U. l o s s l e s s ,  so i n  a p r a c t i c a l  system  a c e r t a i n , a c c e p t a b l e ,
c o n t r i b u t a r y  A.T.U. lo s s  f a c t o r  has  to  be s e t ,  e . g .  1 dB.
An e q u i v a l e n t  1 dB A .T.U .-Q  lo s s  cu rve  can now be p l o t t e d .
From th e  above , an optimum A.T.U .-Q  c h a r a c t e r i s t i c  can be  
drawn, a l th o u g h  in  p r a c t i c e  i t  may be d e s i r a b l e  to  compromise 
somewhat i n  o r d e r  to  r e a l i s e  a l e s s  complex A .T .U ..
(R l  ♦  R + R )
4 m whip above sm all  g ro u n d p lan e .  
100 w a t t s  max. c.w .
40 w a t t s .
10 kHz-.
1 dB
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GUIDELINES FOR FIELD GROUNDWAVE COMMUNICATIONS SYSTEMS
In  o r d e r  to  a c h ie v e  an optimum a e r i a l  system  p e rfo rm a n c e ,  th e  
e f f e c t i v e  system-Q c h a r a c t e r i s t i c  must match th e  o p e r a t i o n a l  and r a d i a t i o n  
Q cu rve  r e l e v a n t  to  t h a t  a p p l i c a t i o n ,  as d em o n s tra ted  i n  5 . 1 . 1 .  In  
many i n s t a n c e s ,  how ever, t h e r e  may be i n s u f f i c i e n t  tim e o r  f a c i l i t i e s  
t o  e n a b le  a d e t a i l e d  d e s ig n  to  be e x ec u ted .  On th e s e  o c c a s io n s ,  i t  
would be o f  g r e a t e r  v a lu e  to  th e  s t a t i o n  o p e r a to r  to  have a s e t  o f  
g u id e l in e s  a v a i la b le :  which would a s s i s t  him to  e s t a b l i s h  th e  most 
e f f e c t i v e  s t a t i o n  w i th  th e  r e s o u r c e s  to  hand.
With t h i s  aim i n  mind, th e s e  g u id e l in e s  may be  summarised as
f o l l o w s :
5 . 2 . 1 ________Medium Term S t a t i c  I n s t a l l a t i o n
(1) As much r a d i a l  m e ta l  i n  th e  im mediate v i c i n i t y  o f  th e  a e r i a l  
b a se  as p o s s i b l e  -  p r e f e r a b l y  a m e ta l  d i s c  -  b e c a u se  th e  e a r t h  
c u r r e n t  d e n s i t y  i s  g r e a t e s t  n e a r  th e  a e r i a l .
(2) A g r e a t e r  number o f  s h o r t  r a d i a l s  a r e  g e n e r a l ly  more e f f e c t i v e  
th a n  a few long  o n e s .
Ar
(3) For narrow  o p e r a t in g  b an d s ,  d e s ig n  th e  r a d i a l s  t o  be  ab o u t  — . 
(A i s  w av e le n g th  on r a d i a l  m o d if ie d  by phase  v e l o c i t y  f a c t o r ) .
A
IT # •(4) Avoid r a d i a l s  t h a t  a r e  - y  long  o r  i n t e g r a l  m u l ip le s  t h e r e o f .
(5) M inim ise a e r i a l  sway -  by guy ing .
(6) Use r a d i a l s  o f  d i f f e r e n t  le n g th s  to  red u ce  th e  e f f e c t  o f  
re so n a n c e s  when o p e r a t in g  o v e r  a w ide band .
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5 .2 .2  S h o r t  Term S t a t i c  I n s t a l l a t i o n s
(1) Use s h o r t  r a d i a l s  e l e v a te d  a  couple  o f  f e e t  o f f  th e  g round .
(2.) Use a s m a l l  m e ta l  d i s c  a t  t h e  c e n t r e ,  i n  th e  v i c i n i t y  o f
a e r i a l  b a s e .
X
(3) Avoid -Ty- r e s o n a n c e s .
(4) M inim ise whip sway.
X
• • IT(5) I f  r a d i a l s  on th e  ground to  b e  u sed ,  avo id  r e s o n a n c e s  and 
co n n ec t  r a d i a l  ends to  e a r t h  v i a  s h o r t  s p ik e  ( re d u c e s  re so n a n c e  
e f f e c t s ) .
(6) C i r c u m f e r e n t i a l  w ire s  c o n t r i b u t e  n o th in g  to  th e  e a r t h p la n e  
e x c e p t  to  modify  any re so n a n c e s  ( low er i n  f r e q u e n c y ) .
5 .2 .  3_______ S h o r t  Term S ta t i c /M o b i le
(1) Mount a e r i a l  on c e n t r e  o f  r o o f  i f  p o s s i b l e .
(2) Mount a e r i a l  on top  o f  v e h i c l e  i f  p o s s i b l e .
(3) Avoid whip sway.
(4) A t ta c h  s h o r t  r a d i a l s  to  v e h i c l e  body a t  s e v e r a l  f e e t  above 
g round .
(5) A f l a t  m e ta l  r o o f  101 x 6 '  may n o t  b e  as  bad a g ro u n d p lan e  
as e x p e c te d .
(6) Beware odd re so n a n c e s  due t o  f e e d e r  r o u t i n g .
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5 . 2 . 4   M obile  'Environment
(1) M inim ise whip sway.
(2)  Use d e l i b e r a t e  mismatch te c h n iq u e s  to  red u ce  f a d in g  due to
whip movement,
(3) L oca te  a e r i a l  on c e n t r e  o f  r o o f  i f  p o s s i b l e  ( c o rn e r  may p e rfo rm
w e l l  b u t  e x h i b i t  i r r e g u l a r  h o r i z o n t a l  p o l a r  p l o t l .
(4) P o s s i b l e  p ro v id e  e a r t h  b r a i d s  over  v e h i c l e  to  f o r c e  sy m m etr ica l
e a r t h  c u r r e n t s .
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5.3 .  FUTURE WORK ON SHORT H.F. AERIAL SYSTEMS
T his  i n v e s t i g a t i o n  of th e  r a d i a t i o n  e f f i c i e n c y  o f  e l e c t r i c a l l y  
s h o r t  h . f .  a e r i a l  system s has  been  by no means e x h a u s t i v e , i n d e e d ,  
d u r in g  th e  c o u rs e  o f  th e  s tu d y  a number o f  i n t e r e s t i n g  and r e l e v a n t  
phenomena have been  n o te d  and p ro m is in g  a re a s  f o r  f r u i t f u l  work 
h i g h l i g h t e d .  I t  h a s ,  o f  n e c e s s i t y ,  on ly  been  p o s s i b l e  t o  examine 
th e  most im m ed ia te ly  a p p l i c a b l e  o f  th e s e  and th e r e  rem a ins  scope  f o r  
d e t a i l e d  s t u d i e s  i n  s e v e r a l  a r e a s ,  s p e c i f i c a l l y :
5 . 3 .1  An a n a l y s i s  o f  th e  m o d i f i c a t io n  o f  th e  t h e o r e t i c a l  r a d i a t i o n  
r e s i s t a n c e  o f  a s h o r t  a e r i a l  w i th  e l e c t r i c a l l y  sm a l l  and 
in c o m p le te  ground sy s tem s.
5 . 3 .2  A d e t a i l e d  s tu d y  of  th e  d i s t r i b u t i o n  o f  h . f .  r a d i o  f re q u e n c y  
c u r r e n t s  induced  on a v e h i c l e  by a s h o r t  whip a e r i a l .
5 .3 .3  A d e t a i l e d ,  p r a c t i c a l  s tu d y  o f  th e  m o d i f i c a t i o n  o f  th e  phase  
v e l o c i t y  on a w ire  p a r a l l e l  to  and a t  v a r io u s  h e i g h t s  above" 
a lo s s y  g round.
5 . 3 . 4 .  A r i g o r o u s , t h e o r e t i c a l  a n a l y s i s  o f  th e  m o d i f i c a t i o n  o f  th e  
phase  v e l o c i t y  on a w i r e  p a r a l l e l  to  a n d - a t  a d i s t a n c e  from 
a lo s s y  h a l f  -  sp a c e .
5 . 3 .5  Development and e v a l u a t i o n  o f  th e  te c h n iq u e  b a s e d  on th e  
m o d i f i c a t io n  o f  th e  phase  v e l o c i t y  on a w ire  above th e  ground 
to  determ ine th e  e f f e c t i v e  b u lk  ground c o n s ta n t s  i n  an 
e x p e r im e n ta l ly  s t r a i g h t f o r w a r d  manner.
5 . 3 .6  A p r a c t i a c l  e v a l u a t i o n  o f  th e  e f f e c t s  o f  a e r i a l  sway on 
v . s . w . r .  and r a d i a t e d  power l e v e l  and th e  improvements 
a f fo rd e d  by th e  a p p l i c a t i o n  of th e  a n a l y s i s  p r e s e n t e d  i n  
C h ap te r  4 .2 .
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